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SUMMARY
The work described in this thesis arose as a result o f the need for an 
optical frequency transla to r in fibre and in tegrated  optical sensors that 
employ heterodyne detection techniques. The devices were realised in X- and 
Y -cut LiNbOg using proton exchange and titanium  indiffusion respectively.
Chapter 1 provides an outlook in the areas o f optical communications,
in teg ra ted  op tics and in tegrated  optical sensor technology. The rapid
advancem ent in the state o f the art of in tegrated  optical com ponents in 
L iN b O g  is reviewed with implications to the future development o f fibre and
in tegrated  optical sensors.
A review of all known frequency translation m ethods using microwave, 
bulk optics and guided wave optics components was carried out and reported 
in Chapter 2. This was necessary to establish the perform ances, advantages 
and d isadvantages o f all the known m ethods. In perform ing the above 
review  of frequency translators, it was found that the use o f the serrodyne 
(or commonly known as sawtooth) method, which is the main subject of this 
thesis, is one o f two attractive ways to realise a simple, low frequency (a few 
MHz) and high perform ance device. The integrated optical device used in 
this technique was the phase modulator. The other method is the use of the 
quadrature m ethod in conjunction with an in tegrated  optical M ach-Zehnder 
in terferom eter which is capable of generating frequency translations in the 
GHz regime.
C hap ter 3 p rov ides the necessary  th eo re tica l background  to the 
understanding  o f the serrodyne technique for frequency translation . The 
Fourier analysis o f the sawtooth waveform with respect to a num ber of non­
ideal s itua tions was carried  out to p red ict sideband suppression  levels. 
E xam ples o f three uses o f serrodyne frequency transla to rs in fibre and 
integrated optical sensors are described.
C hapter 4 describes in detail the fab rica tion  procedures for the 
rea lisa tion  of titanium  indiffused phase m odulators in Y-cut L i N b O g .  A
review  o f  the proton exchange technique for realisation  o f passive and 
active devices in L i N b O g  was carried out. Problem s with waveguides and
devices realised  by concentrated  benzoic acid m elts were identified. A 
possible solution to all the above problems is to realise the waveguides using 
diluted benzoic acid melts (lithium benzoate being the dilutant used in all the 
experim ents reported in this thesis). A com plete fabrication procedure for 
the realisation o f a proton exchange phase m odulator is described in detail.
The use o f various slab and stripe optical waveguide analysis models is 
described in Chapter 5. Special attention was given to the analysis of slab 
and stripe  pro ton  exchange w aveguides. T echn iques that w ere used 
extensively  to characterise the optical perform ances of the slab and stripe 
optical waveguides are also described in detail. The experimental evaluations
(at 633 nm) o f optical waveguides realised by the proton exchange method 
(both by concentrated and diluted benzoic acid m elts) are given in detail. 
The im proved optical waveguide and device perform ances realised by diluted
benzoic acid melts are stated.
Chapter 6  outlines the complete design procedures for the optical phase 
m odulato rs used in th is thesis. The test equipm ent and experim ental 
techniques that were used to evaluate the phase m odulators as serrodyne
frequency  transla to rs  are described. The evaluations o f the serrodyne
frequency  tra n s la to rs  using  com m ercially  av a ilab le  saw too th  w aveform  
generators are presented. The various problem s that resulted in the limited 
perform ance o f the frequency translators are d iscussed  and supported by 
experim ental verifications. The experim ental results were com pared to the 
theo re tically  pred icted  results. Hence this estab lishes the m ain lim iting 
factors for a high perform ance serrodyne frequency translator.
The main results of this work are summarized in Chapter 7. In addition 
p roposa ls  fo r im proving  the test p rocedures and the perform ances of 
serrodyne optical frequency translators are stated. O ther possible candidates 
for use as optical frequency translators are discussed with descriptions on 
the ir im plem entations using in tegrated  optical com ponents.
CHAPTER 1 INTRODUCTION
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1.4 Organisation of the Thesis 8
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1CHAPTER 1 
IMTRODUCTIQN
1.1 Optical Communications, Integrated Optics, and Integrated Optical
Sensor Technology: an Outlook
The first dem onstration of the basic principle o f optical communication 
using sunlight as the carrier was reported by A.G. Bell in 1880 [1.1]. In the 
p resen t century , the invention  o f the laser in the early  six ties [ 1 .2 ] 
stim ulated work in the entire field o f optics and rekindled interest in optical 
c o m m u n ic a tio n s .
The use o f glass optical fibres in light-wave communication systems was 
firs t suggested by Kao and Hockham [1.3] in 1966. Since then, intense 
research  in fabricating low -loss glass optical fibres, su itable sources and 
detectors has developed. The losses in optical fibres have been reduced from 
20 dB/km [1.4] in 1970 at 632.8 nm to as low as 0.2 dB/km [1.5] at 1550 nm.
A dvantages o f using optical fibre com m unication system s include high 
bandw idth  (i.e. high speed), sm all size, iso la tion  from  electrom agnetic  
d isturbances and low loss (i.e. possibly, long-distance com m unication links 
w ithout any repeaters). Presently both m ultim ode and single-m ode optical 
com m unication systems are employed in local area networks and trunk links 
in Australia, France, Germany, Italy, Japan, U.K. and U.S.A.
One of the new areas of optics that has generated a tremendous amount 
o f in terest and activity is "integrated optics". The term "integrated optics" 
was coined by S.E. M iller in 1969 [1.6]. Since that time, a large number of 
industria l, un iversity  and governm ent research  labora to ries  have becom e 
involved in this field. Like integrated electronics, the goals o f integrated 
optics have been set out as m iniaturisation and integration o f optical devices 
and system s. These m iniature optical circuits could then be used in optical
2com m unication systems where direct optical signal processing such as signal 
regeneration , signal m odulation and signal sw itching could be effectively 
p e r fo rm e d .
In their sim plest form , in tegrated  optical devices consist o f a thin 
transparent waveguide layer on top of a glass or a ferroelectric material (e.g. 
L iN bO g or LiTaOg) or III-V semiconductor. The layer is typically not more
than a few m icrons th ick  and its refractive index is h igher than the 
substrate  refractive index. Due to these sm all dim ensional requirem ents, 
integrated optical devices can be extrem ely small and could contain several 
com ponents providing various different functions on the same chip, e.g. a 
L iN bO g balanced receiver consisting o f components that will perform  phase
m odulation , optical m ixing, po larisation  control and frequency translation 
on the same chip [1.7, 1.8] or a num ber o f sim ilar components performing 
one specific function e.g. a LiNbOg 4x4 [1.9] or an 8 x 8  [1.10] non-blocking 10
sw itch m atrix chip u tilising  sixteen or six ty -four 1 0  d irectional couplers 
respectively. Recently, Duthie [1.11] dem onstrated a reduced 8 x 8  Ti:LiNbOg
switch array that needed only twenty-eight 10 directional couplers. With the 
latter method, it is possible to realise a 16x16 10 switch array on a 3" LiNbOg
w a fe r .
Integrated optics can be divided into two general areas. The first is 
called passive integrated optics. This area includes coupling, guiding, and 
splitting o f optical waves without the aid of external fields or acoustic waves. 
The second area is active integrated optical devices. Here an external 
electric field or m agnetic field or acoustic wave is used to provide for the 
m odulation, deflection, variable coupling, etc ., o f optical waves. Several 
excellent review articles [1.12-1.26] and some recent books [1.27-1.32] give 
detailed  discussions o f the concepts o f optical w aveguiding and integrated 
optics technology.
3In tegrated  optics can also be divided betw een m onolithic integration
and hybrid integration. In m onolithic integrated optical circuits, the aim is 
to in tegrate sources, m odulators, detectors and accom panying conventional 
e lec tron ics on the same substrate  chip, i.e. in practice  by using III-V
com pound sem iconductors. This area is currently  under intense research 
w ith very prom ising partial m onolithic in tegrated  optical circu its already 
dem onstrated, e.g. a laser diode with driver and feedback control electronics 
[1.33, 1.34], and photodetectors with integral low-noise amplifiers [1.35, 1.36]. 
This area o f research has opened new avenues in growth technology using
m etalorganic chemical vapour deposition (MOCVD) [1.37] and m olecular beam 
epitaxy (MBE) [1.38]. A variety o f optical devices, passive or active may be
m ade from e ither AlGaAs alloy com pounds grow n ep itax ia lly  on GaAs
substrates (for 850 nm operation) or InGaAsP alloy compounds grown on InP
substrates (for 1300 nm or 1550 nm operation). The use o f semiconductor 
technology for optical devices and system s has resulted in better transistors,
e.g . high speed and high gain tran sisto rs  have been m ade from the
GaAs/AlGaAs m aterial system [1.39, 1.40]. The possibility o f forming optical 
dev ices  and tra n s is to rs  on a com m on su b stra te  a llow s the sm ooth 
com bination o f optics with electronics in the form of an integrated optical 
electronic circuit (IOEC). This in turn opens up new possibilities and new 
applications to m odern electronics.
In hybrid integrated optical circu its, d ifferen t substrates (e.g. glass, 
silicon, GaAs, InP, LiNbC^, L iT a t^ )  can be used to form sources, modulators
and detectors. These may be interconnected by optical fibres or butt coupled 
to realise  useful optical system s such as the in tegrated  optical spectrum
analyser [1.41] or the in tegrated  optical fibre laser D oppler velocim eter
[1.42]. Very low-loss (0.05 dB/cm) optical waveguides [1.43] have been 
rea lised  on g lass substra tes  using the ion-exchange [1.44] and laser
annealing techniques. These devices can be used in passive systems. For
4form ing  active devices like m odulators and sw itches, the ferroelectric
m ateria l lith ium  niobate (LiNbOg) has been shown to be possibly the most 
prom ising m aterial. In some special applications, LiTa0 3  may Prove to be a
useful material since it has been reported that it can handle about two orders 
o f  m agn itude  m ore op tica l pow er than  LiNbOg before the onset of
photorefractive damage [1.45].
Recently, integrated optics technology (hybrid) has been used to realise
labora to ry  optical sensors un its to m easure tem pera tu re  [1 .46], m icro­
displacem ent [1.47], p ressure [1.48], electrom agnetic  fields [1.49], moving
objects [1.42], and rotation [1.50]. This new and important area o f application
for integrated optics, in part, stim ulated work reported in this thesis.
1.2 Progress on Active Lithium Niobate Devices
L iN b O g  and LiTaOg are ferroelectric  m aterials which have several 
physical properties that make them suitable substrate m aterials for forming
passive and active devices [1.31]. Some of the special physical properties 
include large e lec tro -op tic  coeffic ien ts, a large p iezoelec tric  effect, low 
acoustic propagation loss and large non-linear optic coefficients. Of the two 
m ateria ls, LiNbOg is more popular. For integrated optics this is primarily due
to its high Curie tem perature, i.e. 1150°C which facilitates the indiffusion of 
various m etals w ithout any effects on the ferroelectric  dom ain structure. 
Optical waveguides have been fabricated in LiTaOg by the indiffusion of such
m etals as niobium  [1.51, 1.52], copper [1.53-1.55], titanium  [1.56, 1.57], and
m ore recen tly  zinc [1.58]. H ow ever, recently  op tical w aveguides and
electrooptic  devices have been dem onstrated in LiTaOg by proton exchange
(PE) [1.59-1.63]. The devices realised by the proton exchange technique did 
not have to be repoled since the fabrication tem perature was around 235°C , 
i.e. below the Curie tem perature o f LiTaOg (650°C). M ore experim ents on 
p ro to n  e x c h a n g e  in L iT aO g  in the form  o f  o p tica l w aveguide
5characterisations and electro-optic active devices have to be carried out to 
dem onstrate the usefulness o f this method.
The m ain draw back in using L iN b 0 3  and LiTa0 3  is that lasers or 
detectors cannot be readily fabricated on the same substrate. A Nd:LiNb0 3  
laser has been reported [1.64]. It was pumped by a Krypton laser at 735 nm to
give a lasing wavelength o f 1085 nm. The lasing action only lasted for 10
m inutes due to the pho torefractive effect. This could be overcom e by
m ain ta in ing  the N d:L iN b0 3  substrate at around 165°C. Room tem perature 
laser d iode-pum ped cw laser osc illa tion  in Nd:M gO:LiNbC>3 was recently 
reported by Cordova-Plaza et al with exhibited pum ping thresholds as low as 
2 mW and at an absorbed pump power of 9 mW produced a cw output of 2 mW, 
with the electric field parallel to the c axis, at X  =  1.085 pm  [1.65]. The authors 
also reported that the photorefractive effects were practically  elim inated by
the addition of MgO to LiNbC^ and by pumping at wavelengths above 810 nm. 
Photodetectors realised using silicon m aterial have been fabricated on LiTa0 3  
[1.66]. This may open up new avenues whereby the PE devices can be 
integrated with the detectors and hence form a useful subsystem.
The first optical waveguides in LiNb0 3  were formed by the outdiffision
o f lithium  from the crystal surface [1.67]. To date, the m ost common 
technique for form ing optical waveguides in L iN b0 3  has been by titanium
indiffusion [1.68]. Using photolithographic m ethods, high quality, low-loss 
slab and stripe optical waveguides can be produced [1.69]. Recently, the 
pro ton-exchange technique has been em ployed to form slab and stripe 
op tical w aveguides in L iN b 0 3  [1.70]. This m ethod o f optical waveguide
fabrication will be discussed in detail in Chapter 4 of this thesis.
A wide variety of active devices have been realised in T i:LiN b0 3  usin 8
both slab and stripe waveguides. Slab optical waveguides are used mainly for 
acousto -op tic  devices such as beam -deflecto rs [1.71] and the integrated
6optical spectrum analyser (IOSA) [1.72]. For most electro-optic devices, stripe
optical waveguides are commonly used.
The sim plest electro-optic  device fabricated  in LiNbOg is the optical
phase m odulator (Figure 1.1). As can be seen, it consists of a straight lithium
indiffused  stripe waveguide in LiNbOg with a pair o f electrodes positioned
according to the orientation of the crystal axes and the propagating optical
mode (quasi-TE or quasi-TM). This device was extensively used in the study of
electro-optic frequency shifting o f light [1.73], which is the main portion of
the thesis. By a variation in the design o f the electrodes, low-voltage
(typ ica lly  2 vo lts), h igh ex tinc tion  ratio  (typ ica lly  20 dB) and high
frequency  (typ ically  1.2 GHz) op tical am plitude m odulators have been 
dem onstrated  [1.74] with a sim ilar configuration  to that for the phase- 
m o d u la to r .
The Y -junction  sw itch /m o d u la to r (F igu re  1.2) has been  studied
ex tensively  by several researchers [1 .75-1 .77]. E ssen tia lly  th is device 
together with two phase m odulators can be used to form a balanced bridge 
m odulator/M ach-Z ehnder in terferom eter (Figure 1.3). This device has been 
the subject o f rigorous study due to its efficiency as an amplitude modulator 
at low to high frequencies (17 GHz) [1.78-1.80].
Other electro-optic m odulators that have been reported in the literature 
include B ragg d iffrac tion  m odulators [1 .81], B ragg reflec tion  m odulators 
[1.82], and Bragg deflection switches [1.83].
Another interesting sw itch/m odulator device is based on the directional 
coupler [1.84] (Figure 1.4). This device has two stripe waveguides in close
proxim ity . L ight that is launched into one arm o f the device can be 
transferred  to the o ther arm via the evanescen t field  coupling  effect. 
P roper design o f the in terac tion /coup ling  length , in terw aveguide distance 
and su itab le  e lec trode  configuration  can resu lt in a high perform ance 
intensity m odulator [1.85], high frequency sw itch/m odulator [1.86, 1.87], TE-
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7TM  mode contro llers/converters [1.88] and polarisation  independent filters 
[1.89]. Tapered velocity optical directional couplers showing 100% coupling 
have been realised  and a com puter analysis indicated that this type of 
d irectional coupler has greatly improved tolerance properties and does not, 
in particular, suffer from the severe tolerence restriction placed on velocity 
synchronism  in conventional uniform  directional couplers [1.90].
R ecen tly  the use o f X -cut LiNbC>3 devices w ith the laser beam
propagating in stripe w aveguides along the Z -direction has received some 
attention. The m ain reason was that various researchers have found the 
w aveguides to be resistan t to optical dam age effects [1.91, 1.92]. By
propagating  slightly  o ff the Z-axis (= 2°) and having su itab le  electrode 
p a tte rn s, m ode convertors w ithout the need fo r a b irefringence  tuning 
voltage have also been dem onstrated in X-cut, T i:L iN b0 3  waveguides with
propagation along the Z-axis [1.93].
The use o f photodetection and electrical feedback to optical devices like 
the phase m odulator and the M ach-Zehnder in terferom eter can result in 
bistable optical devices [1.94] and optical m ultivibrators [1.95] respectively.
Also, the large non-linear optical coefficients o f the crystal have led to 
the dem onstration  o f second harm onic generation  [1.96] and param etric
frequency generation [1.97]. M ore recently researchers are proposing the 
use o f KTi0 P 0 4  (KTP) for non-linear optical applications such as SHG [1.98].
1.3 Objectives o f this Investigation
The main aim of the work carried out for this thesis was to demonstrate
an e ff ic ie n t  o p tica l frequency  tra n s la to r /s h if te r  b ased  on titan ium -
indiffused  or proton-exchanged LiNbC>3 waveguide phase m odulators at low
frequencies (0-1 MHz) for future coherent integrated optical sensor systems.
It is o f prime importance to have an optical frequency translator that acts on 
light in a stripe optical waveguide. This device could well be an important
8and in teg ral part o f an in teg rated  op tica l sensor chip that employs 
heterodyne detection schemes for phase retrieval, for example in the optical 
fibre gyroscope [1.50].
In the search for a well confined optical waveguide mode for efficient 
phase m odu la tion , the  proton exchange (PE) techn ique o f w aveguide 
formation was investigated in detail for both X- and Z-cut LiNbC^. Problems
were identified with PE optical waveguides form ed by concentrated benzoic 
acid. A possible solution to those problems identified was to realise the PE 
optical waveguide by diluting the benzoic acid with lithium  benzoate. After 
the complete characterisation of PE slab waveguides formed by the above two 
methods, PE stripe optical phase m odulators of the type shown in Figure 1.1 
were fabricated using X-cut LiNb0 3 . These devices were used and studied as 
op tica l frequency  tran s la to rs . In add ition  guided-w ave M ach-Z ehnder 
interferom eters were fabricated by DMPE to enable the study of electrooptic 
a c tiv ity .
1.4 O rganisation o f the Thesis
A com plete ly  up -to -da te  review  o f op tica l frequency  tran sla tion  
techn iques and p ractical dem onstrations is p resented  in C hapter 2. The 
advantages and d isadvan tages o f the various optical frequency shifting 
devices m entioned will be discussed in detail. Chapter 3 contains the basic 
theory  o f the "serrodyne" effect used for op tical frequency translation  
presented in this thesis. The effects associated with a non-ideal sawtooth 
w aveform  are d iscussed. O ther im portant problem s like the am plitude 
m odulation always present to some extent in optical phase m odulators will 
also be discussed. Two waveguide fabrication techniques are presented in 
Chapter 4. The titanium indiffusion technique is described in the initial part 
o f this chapter, while the latter part is concerned with the proton-exchange 
(PE) technique. As already m entioned, the PE experiments were divided into
9two main activities, namely concentrated and diluted benzoic acid waveguide 
studies. An Appendix at the end of the chapter provides information on the
im portan t physical and chem ical p roperties o f LiNbC>3 . The resu^ s ° f  a
detailed  study o f slab optical w aveguiding on X -cut and Z -cut proton- 
exchanged waveguides using concentrated and diluted benzoic acid melts in 
L iN bC >3 are described in Chapter 5. Results o f a theoretical and experimental 
study on stripe optical waveguides made by proton-exchange in LiNbC>3 are 
also described in the same chapter. In addition, results of the electrooptic 
behaviour o f M ach-Zehnder interferom eters form ed by DMPE are presented 
at the end o f Chapter 5. Experim ental work on optical frequency translators 
(in c lu d in g  the eva lua tion  o f the op tica l p ro p ertie s  o f stripe  optical 
w avegu ides) em ploy ing  the "serrodyne" e ffec t using  Ti:LiN bC >3 and
H + :L iN b 0 3  phase modulators is presented in Chapter 6 . Here the comparison 
o f theoretical predictions and experim ental results is made. Finally, Chapter
7  draws conclusions on the work performed and described in the thesis, with 
a few possible suggestions for future investigations tow ards the realisation 
o f an efficien t and high perform ance serrodyne frequency translator. In 
add ition , a num ber o f im proved evaluation  techn iques for the  optical
transla to rs  are described.
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CHAPTER 2
REVIEW OF OPTICAL FREQUENCY TR ANSI .ATION TFCHNTOIIRS USING 
GUIDED-WAVE OPTICS TECHNO! D G Y
2J Introduction
In th is  chap ter, the basic  concep t o f frequency  sh ifting  or 
translation is introduced. The historical developm ent and use o f frequency 
tran s la to rs  for m icrow ave system s app lications is d iscussed . Frequency 
tran sla to rs  at op tical w avelengths are in troduced  in itia lly  in term s of 
realisations using bulk optical devices. Then, taking account of the advances 
in in tegrated  and guided-w ave optics technology, currently  proposed and 
dem onstrated optical frequency shifters are discussed in detail and predicted 
and experim entally achieved perform ances w ill be given.
A frequency translator can be defined as a device that will act upon 
an input electrical signal (low frequency to m icrowave frequency) or an 
optical signal having a certain frequency so as to produce an output signal 
where frequency is shifted by some desired amount from that o f the input. 
Ideally , th is will be accom plished without loss o f pow er and w ithout the 
generation  o f unw anted frequencies.
Frequency translators operate on the princip le that when an input 
signal o f the form:
is subjected to a m odulating signal G which varies linearly with time such as:
e in = sin(2 jcfint + 0 ) (2 .1 )
0 = kt = (2 nfm)t (2 .2)
the resultant output signal is:
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e in = sin 2 jc(fin + fm )t (2 .3 )
Equation (2.3) illu stra tes an ideal frequency transla tion  from an 
inpu t frequency , f in , to a new frequency (fin + fm ). Some often-used
synonym s fo r the  nam e frequency  tra n s la to r  are frequency  sh ifte r, 
frequency converter, sing le-sideband m odulator and synchrodyne.
As can be seen from Equation (2.1), practical frequency translation 
generally involves some form of m odulation process that will result in the 
generation o f upper and low er sidebands at frequencies differing from the 
carrier frequency by an integer m ultiple of the m odulation frequency. The 
aim in a frequency translation device is to achieve a lossless frequency 
translation  to the first sideband (i.e. the required shifted frequency) with 
com plete suppression  o f the carrier, com plete suppression  o f the first 
sym m etrical sideband and suppression o f all o ther sidebands as far as 
possible. It is also desirable to accom plish this with as low a modulation 
power as possible. Generally, and particularly at optical carrier frequencies, 
the tran s la tio n  frequency  is only a sm all percen tage  o f the carrier 
frequency [2 . 1 , 2 .2 ].
2.1.1 M icrow ave Frequency T ranslation
M any d e v ic e s  p ro d u c in g  m ic ro w av e  and o p tic a l frequency  
translation have been reported in the literature but all fall short o f the ideal 
situation in one respect or another. For m icrowave frequency translation, 
the two most common and widely used m odulation techniques are linear [2.3] 
and serrodyne [2.4] phase m odulation . The sim plest concept is the 
continuous linear phase shifter first demonstrated by Fox in 1947 [2.3]. This 
was a rotating mechanical device with the frequency shift lim ited, at best, to 
a few kilohertz. Cachceris dem onstrated an electronic version o f the Fox
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phase shifter in 1954 [2.5] giving frequency shifts o f the order of ± 20 kHz, 
w ith  c a rr ie r  supp ression  g rea te r than 20 dB and overa ll sideband 
suppression greater than 35 dB. In 1956, Soohoo published a description of
the application o f a sawtooth drive to a Faraday-rotation type phase shifter to 
e ffec t frequency translation  [2.4]. Cum m ing, in 1957, em ployed linear 
saw tooth m odulation o f transit tim e on a klystron to produce frequency 
shifts from sub-audio frequencies to 57 MHz, with at least 20 dB suppression 
of undesired components and a conversion loss of less than 1 dB [2.6].
Another approach to achieving frequency translation is based on the 
balanced m odulator principle first described in the MIT Radiation Laboratory 
Series [2.7]. This principle was applied by Clavin in 1962 to demonstrate a 
m icrow ave single-sideband m odulator or m icrowave frequency sh ifter using 
ferrite devices as balanced m odulators [2 .8 ].
In the 1950’s and 1960's, m icrowave frequency translators were used 
ex tensively  in a wide variety  o f m icrow ave applications [2 .6 ] including
D oppler sim ulation  and correction  for testing  D oppler radars, frequency 
shifting in many RF microwave relay stations, reference wave generation in 
co h eren t m oving  ta rg e t in d ic a to r (M TI) radar tra n sm itte rs , e lec trica l 
scanning o f antennas and frequency off-setting  for hom odyne m easurem ent 
o f a ttenuation , phase-sh ift, reflec tion -coeffic ien t, R F-leakage and antenna 
p a t t e r n s .
2,1.2 Optical Frequency Translation using Bulk Optical Devices
The invention of the laser in the early sixties [2.9] prompted research
in o p tica l h e te ro d y n e  d e tec tio n  [2 . 1 0 ] schem es fo r com m unica tions,
heterodyne in terferom eters [2.2, 2.11, 2 .12], laser D oppler techniques for 
velocity  m easurem ents [2.13], m olecular spectroscopy [2.14] and infra-red 
radar [2.15]. In all the schem es, some m ethod o f perform ing optical 
frequency shifting has to be used. There are two m ajor approaches to the
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control o f optical frequency. One is by changing the laser frequency [2.16]
and the other is shifting the frequency by employing an external m odulator
of some kind. In the latter approach, generation o f a continuous shift of
useful m agnitude (up to, say, a few MHz) with high efficiency, there are 
three practical methods available: (i) diffraction by a rotating grating [2.17],
(ii) d iffraction by an acousto-optic Bragg cell [2.18-2.20] and (iii) devices
depending on electro-optic effects [2.21-2.24].
Of the three methods m entioned, frequency shifting by electro-optic
devices has the following advantages: an absence o f m oving parts, accurate
control o f frequency, the possib ility  o f obtaining rapid frequency changes
if  required, and a wide bandwidth.
There are several ways o f producing an optical frequency shift 
which depend on the use of the electro-optic effect. In its simplest form, an 
electro -op tic  m odulator produces a change in the optical path difference 
between the two perpendicular polarisation components o f a light beam and
this path difference can be controlled by an applied voltage.
There are two basic types o f electro-optic effect, the linear (Pockels) 
effect and the quadratic (Kerr) effect. Most modem electro-optic devices use 
m aterials which exhibit a linear dependence o f retardation on electric field. 
This so-called 'Pockels effect' is only possible in crystals having a structure
that lacks a centre of symmetry. The m ost commonly used m aterials are 
am m onium  dihydrogen phosphate (A D P), potassium  dihydrogen phosphate 
(KDP) [2.21], potassium  dideuterium  phosphate (KD*P) and lithium  niobate
(L iN b03) [2.25].
In the 'K err e ffec t', the rela tive retardation  o f w aves polarised 
parallel to and perpendicular to a transverse electric field is proportional to 
the square o f the field. This effect occurs to some extent in all transparent 
m aterial (e.g. crystals, glasses and liquids). The liquid nitrobenzene exhibits
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this effect to an unusually large extent and has been used for many years in 
e lec tro -op tic  m odulators.
B uhrer et al [2.21, 2.22] first p roposed and dem onstrated  the
possib ility  o f perform ing  optical frequency sh ifting  by ro tation  of an
applied electric field in a linear electro-optic crystal with a threefold axis. 
F ig u re  2.1 show s the a rran g em en t fo r p e rfo rm in g  s in g le -s id eb an d
suppressed carrier optical m odulation. Incident light is passed first through 
a plane polariser and then a quarter-wave birefringent plate which acts as a 
right-hand circular polariser. The light continues through two KDP crystals, 
along their optic axes (or c-directions) as shown in Figure 2.1. After passing 
through the two electro-optic  crystals, the light goes through a left-hand 
circular analyzer which is the m irror image o f the first polariser. This left-
hand analayzer allows only the left-hand com ponent to pass, blocking the 
right-hand component. A modulating electric field is applied to each crystal 
along the c-axis. The modulation voltages are applied to the two crystals with
a 90° phase difference Also, the two crystals have their b-axis at 45° to each
other. The princip le  o f the m odulation  technique is that a rotating
birefringent plate will act upon a circularly polarised light beam to produce 
a separable com ponent shifted in frequency. The system  ju st described 
sim ulates the action o f a rotating birefringent plate with the result that the 
output frequency is the sum of the input light frequency and the modulating 
frequency or, in effect, the upper sideband.
2.1.3 Optical Frequency Translation Using Guided-W ave Optics
T e c h n o lo g y
There is considerable interest at present in the use o f  optical fibres 
in sensors and transducers [2.26-2.28]. In these devices a length o f optical 
fibre (often several hundred metres long) is used to convert a small velocity 
pertu rbation  due to some external in fluence (e.g. acoustic , tem perature,
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m agnetic, ro tation, etc.) into a m easurable phase change. A variety of 
optical signal-processing  schem es have been proposed for m easuring this 
resultant phase change, generally using some form of interferom eter (e.g. a 
M ach-Zehnder interferom eter). A homodyne interferom eter is often used to 
convert this velocity perturbation into an intensity change. However, there 
are considerable advantages in using heterodyne techniques to translate the 
phase  change to som e conven ien t in te rm ed ia te  frequency , includ ing  
po ten tia lly  greater sensitivity  [2.29-2.37] and the availability  o f a digital
output [2.38, 2.39].
In order to integrate any heterodyne schem e into a robust planar
optical c ircu it, an optical frequency translato r which operates upon light 
confined in a stripe waveguide is desirable. Several possible devices of this
type are reviewed fully in later sections of this chapter.
One o f the most common way to perform  single-sideband (S.S.B.) 
generation  or optical frequency shifting  is by using acousto-optic Bragg 
in teraction . The Bragg cell is m ost com m only used to realise optical 
frequency shifting, but realisation in an integrated optic form suitable for 
coupling  to single-m ode fibres is d ifficult. How ever, three independent 
groups have realised  in tegrated  optic frequency transla to rs  using Bragg 
in te r a c t io n s .
Tsai et al [2.40, 2.41] and von Helmolt et al [2.42] used X-junction 
ch an n el w avegu ides and in te rd ig ita l tran sd u cers  to g en e ra te  s in g le ­
sideband (S .S .B .) on L iN b0 3  substrates. Recently Schaffer and Peterm an
[2.43] proposed and Schaffer [2.44] dem onstrated an integrated optic Bragg-
m odulator consisting o f tapered monomode waveguides and a SAW field in 
betw een the waveguides. Kingston et al [2.45] dem onstrated a planar-type
S .S .B . g e n e ra to r  by p roducing  a tra v e llin g  index  w ave using  an 
in terd ig ita ted  electrode grating on a Ti.'LiNbOg surface waveguide. This
technique has been extended to stripe waveguides and can be useful. Nosu et
2 3
al [2.46] dem onstrated an acousto-optic frequency sh ifter for single-m ode 
fibres which could find useful application in an all-single-m ode fibre-optic 
gyroscope [2.47]. All these methods will be examined in depth in Section 2.2.
The quadrature technique is a common method for S.S.B. generation 
in electronics and in microwave systems [2.48]. A realisation with a guided- 
w ave in teg ra ted -o p tic  in te rfe ro m e te r on L iN b 0 3  ^ as been proposed by
Culshaw and W ilson [2.49]. The device was recently dem onstrated by John 
and W ilson [2.50]. A d irect rea lisa tion  o f the quadratu re  technique 
em ploying a num ber of M ach-Zehnder in terferom eters and using amplitude 
m odulation has been demonstrated by Izutsu [2.51]. These methods will be 
discussed fully in Section 2.3.
H eism ann and U lrich recently  proposed [2.52] and dem onstrated
[2.53] a S.S.B. m odulator and phase shifter using electro-optic  interaction 
with a travelling electric wave in Ti:LiNb0 3  waveguides. Auracher and Keil
[2.54] and recently Gee et al [2.55] dem onstrated that a guided-wave Mach- 
Z ehnder in terferom eter can be m ade to produce unsym m etrical sidebands 
about the carrier with a proper dc bias and a m odulation signal. Heismann's 
optical frequency shifter will be discussed in more detail in Section 2.4.
At m icrow ave frequencies, a comm on technique of single-sideband 
generation is by phase m odulation using a saw tooth m odulating waveform 
(know n as serrodyne m odulation). This technique has been discussed in 
Section 2.1.1 and is also o f particular interest at optical frequencies since it 
can be realised easily by means of integrated electro-optic phase modulation 
[2.56-2.59]. An optical fibre serrodyne sh ifter was dem onstrated using a 
sim ple p iezoelectrically  strained fibre [2.60]. More detailed descriptions of 
the in tegrated  optical and fibre optic serrodyne frequency translators are 
found in Sections 2.3.4 and 2.4 respectively. In Chapters 3 and 6 , the 
se rro d y n e  m o d u la tio n  m ethod  o f freq u en cy  tra n s la tio n  at op tica l
2 4
frequencies with its realisation by integrated optic phase m odulators will be 
discussed in detail.
2.2 Integrated Optics Acousto-Optic (Bragg") Interactions for Optical
F requency  T ransla tion
The acousto -op tic  in terac tion  has been ex tensively  em ployed in 
planar optical waveguides to realise wideband Bragg cells [2.61-2.63]. The 
Bragg cell is one o f the most common way to perform frequency shifting on 
a laser beam.
Figure 2.2 shows a simple planar acousto-optic m odulator. For the 
m odulator to operate in the Bragg regime [2.64], the interaction length (L) 
betw een the optical and acoustic beams m ust be relatively  long so that 
m ultiple diffraction can occur. This condition can be expressed as follows:
L »  neffA 0  (2 .4 )
w h e r e  X0  is the optical wavelength in free space,
A is the wavelength o f the acoustic waves and
n eff *s effective refractive index o f the guided optical mode.
The angular condition for Bragg diffraction to occur is given by:
sin 0g = X0 /(2A neff) (2 .5 )
where Gg is the Bragg angle defined within the medium of interaction.
It should be noted that the diffracted (or 1st order) output beam will 
emerge at an angle o f 29 g with respect to the undiffracted (or Oth order)
beam. The efficiency o f the Bragg diffraction (r\) [2.64] defined by the ratio
o f the power in the diffracted beam ( I j )  to the power in the incident beam
(I0 ) is given by:
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T1 = I j / I o  = Sin2 {[(itLne{f)/(X0 '/2)]V (M Ps) } (2 .6 )
w h e r e  M is the Figure o f Merit o f the material, and
P s is the acoustic power density (W att/m^).
W ith the emergence of single-mode optical fibre system s, it became 
desirable to realise a channel acousto-optic Bragg cell which could be easily 
interfaced with the fibre system. In 1980, Tsai et al [2.40] reported the first, 
m ultim ode, Bragg channel optical frequency shifter.
R ecently , two groups have independently  dem onstrated single-m ode 
waveguide X-junction Bragg frequency shifters. These will be described in 
detail in Sections 2.2.1 and 2.2.2. In Section 2.2.3, an integrated optic Bragg 
frequency sh ifter em ploying tilted  and tapered m onom ode w aveguides is 
d e s c r ib e d .
2.2.1 Integrated Optical W aveguide X -iunction Frequency
Shifter (Tsai et al)
The use o f acousto-optic interactions in channel waveguides was first 
described in 1980 by Tsai et al [2.40]. The m otivation behind this study was 
tha t com parable cross-sections o f optical channel w aveguides and optical 
fibres would enable the efficient interfacing of acousto-optic devices to fibre 
optic system s.
In the 1980 demonstration, Tsai et al used a crossed pair of channel 
waveguides (i.e. an X-junction) in which a laser beam (at 632.8 nm) in one 
input waveguide was diffracted and at the same time frequency shifted by a 
su rface  acoustic  wave (SAW ) propagating  in the crossover region and 
deflected into the other waveguide. This device consisted of Y-cut Ti:LiNb0 3
stripe waveguides o f width 20 nm . It was multimoded but did result in a 
d iffrac tion  efficiency o f 40%. The peak rf pow er fo r this diffraction
2 6
efficiency was measured to be 600 mW. Tsai et al however did not mention 
the optical power level of the unshifted signal. The centre frequency of the 
SAW was 634 MHz, appropriate for the 3.0° intersection angle between the 
two channel waveguides. Ten finger pairs of 0.77 mm aperture were used in 
the transducer. The frequency response, nam ely, the d iffrac ted  power 
versus the acoustic frequency, measured at a fixed rf drive power of 500 mW 
indicated that a -3 dB deflector bandwidth of 71 MHz was demonstrated by Tsai 
et al [2.40]. Tsai et al [2.40] concluded that the deflector bandwidth was 
lim ited by the transducer bandwidth.
The above study was extended recently to a single-mode waveguide X- 
junction of 10 |im  channel width [2.41]. Figure 2.3 shows the complete device 
geom etry. As before, the channel waveguides were fabricated by titanium 
ind iffusion  in Y-cut L iN b 0 3  substrates. The in terdigital transducer was
sym m etrically located so that the SAW generated would propagate across the 
X -intersection region. The crossing-point o f the two channel waveguides, 
shown by shaded lines was of the '2 An-type', i.e. the refractive index change
in the cross-over region was twice that o f the other sections of the channel
waveguides. The reason for this given by Tsai et al was that this provides 
tigh ter waveguide mode confinem ent in the cross-over region. Because of
this tigh ter confinem ent, the authors claimed that the crosstalk between the
two output waveguides (i.e. "3" and "4") should be considerably smaller than 
in the ’A n-type’ crossover region, resulting in a h igher suppression of the
carrier with respect to the frequency shifted signal.
The operation  of this A.O. X -junction frequency sh ifter can be
explained as follows. If an optical wave is incident at waveguide "1", then it 
will be Bragg-diffracted by the moving optical grating induced by the SAW, 
and part of the incident light will be deflected to waveguide "3". In this case, 
the frequency o f this deflected light will be up-shifted by an amount equal to 
the acoustic frequency. S im ilarly , an optical wave that is incident at
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waveguide "2 " will have a portion of its light intensity deflected to waveguide 
"4". The frequency of the deflected light in this case will be down-shifted by 
the same amount as in the up-shift case.
The device (with the branching angle, \|/= 1.5°) was tested at X= 632.8 
nm. The A.O. interaction region was calculated to be of dimensions 382 jim by 
382 |im . Both prism and end-fire coupling were em ployed to excite the 
fu n d a m e n ta l T E j j mode of the channel waveguides. It was observed
experim entally that a diffraction efficiency of 50% was attained by applying
an RF drive power of 400 mW (= 130 mW of acoustic drive power). To match 
the above choice of Bragg angle, the centre frequency o f the SAW-IDT was 
320 MHz with 30 finger pairs. The 3 dB bandwidth of this device was found to
be 13.4 MHz. This was limited by the design of the IDT.
A single-m ode AO X-junction frequency shifter has, therefore, been 
dem onstrated  by Tsai et al w ith very encouraging  perform ance. The 
experim ent indicated that an integrated optic frequency shifter module with 
a equal power split and a tunable frequency offset is realisable.
2.2.2 Integrated Optical W aveguide X-iunction Frequency Shifter (Von
Helmolt et al)
The in tegrated  optical frequency tran sla to r dem onstrated  by von 
Helmolt et al [2.42] was similar to that discussed by Tsai et al [2.41]. There are, 
however, several differences between the two devices. These will be outlined 
in the later part o f this discussion.
Figure 2.4 shows the schem atic o f the integrated optic Bragg type
S.S.B. m odulator dem onstrated by von Helmolt. It consists o f two crossed 
sing le -m ode  w aveguides "1" and "2" (X -junc tion ) and an in te rd ig ita l 
transducer (IDT) of width L. The SAW generated by the IDT propagates along 
the Y-direction o f the Z-cut LiNb0 3  substrate.
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For high diffraction efficiency, von Helmolt et al have realised L = 
L a0 , where Lao is the acousto-optic (AO) interaction length, given by:
La0=  b a (2.7)
sin (p /2 )
w h e r e  b is the width of the optical waveguide, and
P is the crossing angle of the two channel waveguides "1" and "2".(P is
equal to two times the Bragg angle.)
Again, if an optical wave of frequency f  is incident in waveguide "1", 
then it will be deflected to waveguide "2" at the crossover of the X-junction. 
This is due to the presence of a moving phase grating generated by a SAW at 
frequency f. The deflected light in waveguide "2" will be up-shifted by f. 
Similarly, if the optical wave is incident in waveguide "2", it will be deflected
to " 1 " and at the same time down-shifted in frequency by an amount f.
The device described by von Helmolt et al was fabricated using a Z-cut 
L iN b 0 3  substrate. The light propagated along the X-direction whilst the SAW
travelled  along the Y-direction. The waveguide X-junction was formed by
titanium  indiffusion. The width of the channel waveguides was 3 pm  and the 
device was operated at A,= 850 nm using a Hitachi HLP 1400 semiconductor 
laser. One o f the most important param eters studied was the variation of
static cross-talk between waveguides " 1 " and "2 " in relation to the crossing
angle p. The static cross-talk C was defined as follows:
C = 1 0  log [P2/(P i + P2)] dB (2 . 8 )
w here and P 2  were the optical powers in w aveguides ”1" and "2"
respectively. Two types of polarisation (i.e. TE and TM) were used in the 
study o f the static cross-talk. It was found, in both cases, that there is a 
linear dependence between C and P for p £ 1.5°. However, the value of the
2 9
static cross-talk was reduced for light with TE polarisation. At P = 3°, the 
measured values of C for TE and TM polarisations quoted by von Helmolt et al 
are -23 dB and -9.5 dB respectively . Thus, for th e ir experim ental 
dem onstration a value of P = 3.5° and TE polarisation were chosen to enable 
better results to be obtained.
By using an IDT, L = 120 tim, with a centre frequency o f 629 MHz and 
driving it with 1.4 W electrical power, a 10:90 split in the input light power 
was observed. A 16 dB carrier suppression had been attained experimentally 
by von Helmolt et al.
In summary, von Helmolt et al has demonstrated an integrated optical 
Bragg S.S.B. modulator similar to that described by Tsai et al. The differences 
between the two are:-
( i )  There is no special increase in the refractive index o f the crossover 
region in the waveguide X-junction realised by von Helmolt, compared to the 
device desribed by Tsai et al,
( i i )  The devices were fabricated on a different cut o f LiNb0 3  substrates, and
( i i i )  The operation wavelength of the devices was different.
2.2.3 Integrated Optic Frequency Shifters with SAWs 
(Schaffer and Peterm ann)
R ecently  Schaffer and Peterm ann [2.43] proposed  an in tegrated  
op tical frequency sh ifter which em ployed a pa ir o f tilted  and tapered 
m onom ode w aveguides with a region o f acoustoop tic  (AO) in teraction  
between them. The schematic of the proposed device is shown in Figure 2.5. 
As indicated by Equation 2.5 (the Bragg condition), if  the incident laser beam 
is close to the Bragg angle 0^ at the AO interaction area, then the beam will
be deflected from taper 1 into taper 2 .
A sim ulation  perform ed by the researchers ind ica ted  that the 
contours o f the tapered w aveguide regions should be parabolic . This
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configuration  yielded m inim al coupling betw een the fundam ental and the 
higher order modes in the waveguide transition areas. A SAW frequency of 
200 MHz yielded a deflection angle of about 0.56° for YZ-LiNbC^. In this
particular case, the waveguide width at the end o f the taper was 80 pm  to
ensure that a narrow lobe was achieved in the far field. This yielded a 
crossta lk  betw een the tilted  tapers o f about 40 dB w ithout any SAW
interactions. The width of the AO interaction region between the two tapers 
was 4 mm (i.e. 2L). The researchers sim ulated the in teraction with a 
G aussian  beam input and found that, the suppression o f all unwanted 
sidebands was better than 60 dB below the required shifted signal. With more 
rea lis tic  input optical field  d istribu tions the resu lts  ind icated  that the
suppression o f all unwanted sidebands was between 20 and 30 dB below the 
sh ifted  signal.
The frequency  sh if te r  show n in F ig u re  2.5 was recen tly  
demonstrated by Schaffer [2.44]. The device was fabricated in Y-cut LiNb0 3
using the titanium  indiffusion method of w aveguide form ation. The laser 
beam and the SAW was propagated along the X- and Z-direction of the crystal 
respectively. The stripe waveguide was 5 p  in width and were operated in 
the single m ode regim e at a w avelength o f 780 nm using a suitable
waveguide fabrication recipe (50 nm thick titanium  film s, D iffused for 5 
hours at 1000° C in flow ing oxygen with w ater vapour to suppress 
outdiffusion). The waveguide width at the end of the taper was 80 pm  with 
the length of the parabolic contoured taper to be 9 mm. The electrodes of the 
interdigital transducer were 4 mm long and consisted o f 200-300 nm thick 
alum inium . The com pleted frequency shifters were 28 mm long. The
frequency shifter was evaluated in a bulk M ach-Zehnder interferom eter and 
a Bragg cell was employed to facilitate display o f the positive and negative 
sidebands on the spectrum  analyser. O verall suppression o f unwanted
frequencies o f better than 30 dB (TM) and 20 dB (TE) were measured. A
3 1
deflection efficiency of about 40% was m easured by using fibre coupling at 
the input and output of the device. The electrical power required was 500
mW. The acoustic power in the interaction region was deduced by Schaffer 
to be approximately 125 mW [2.44].
2 u 2 A  D iscussions o f Optical Frequency Translators Realised
bv Acousto-Optic (Bragg) Interactions
An im portan t featu re  o f the two B ragg w aveguide X -junction
frequency shifters is that, once the device has been fabricated, it will only
fu n c tio n  at a p a rticu la r cen tre  frequency  w ith  a lim ited  frequency 
excursion in either direction. The reason for this is that when the centre
frequency o f the m odulating signal is varied, the acoustical wavelength of
the SAW will vary accordingly and this will change the Bragg angle as
described by Equation (2.5). This in turn will also increase the cross-talk
level betw een the two output w aveguides and therefore  is a significant 
nega tive  feature .
The use of a '2An-type' crossover region by Tsai et al could be a good 
idea since they claimed cross-talk levels between the two output waveguides 
could be reduced by better confinement in that region of the waveguide X-
junction . Recent theoretical studies o f X-junction structures o f the '2A n- 
type' by N eyer et al [2.65] using the beam propagation m ethod (BPM) 
indicated that the crosstalk levels are extremely dependant on the waveguide 
unsym m etries. In consequence, they proposed and realised three X-type 
structures with symmetric input and output waveguides. They demonstrated 
experim entally  that X -junction with cross-over regions with extra titanium  
resulted in the best crosstalk levels [2.65].
The final device described did not offer any better features except for 
an improvement in the suppression o f unwanted sidebands o f 4 dB and, in 
fact, it poses more problems for researchers trying to realise the device. It
3 2
w ill be especially  d ifficu lt to ensure that the optical w aveguides, in 
particu lar the tapered regions, are single moded.
In conclusion , the three devices ju s t described  are lim ited  in
bandwidth (about 10 MHz mentioned by Tsai et al). They are also limited in 
the dynam ic range because o f the c ross-ta lk  betw een the two output
w aveguides. (A 16 dB carrier suppression was obtained experim entally by
von Helm olt et al.). Another disadvantage of the two devices is the high 
electrical power (> 1 Watt) needed to perform the Bragg diffraction.
2.3 Integrated Optical E lectro-O ptic Frequency Translators
In th is section several m ethods o f op tical frequency translation
using  the e lectro -op tic  effect in L iN b0 3  will be discussed. A detailed
description of the electro-optic effect in LiNbOj will be given in Chapter 6 ,
Section 6.2.2. In short, the e lectro-optic  effect is the change in the 
refractive index o f a m aterial (e.g. LiNb0 3 , LiTaC^, KDP, etc.) due to the
application of an electric field. This will in turn affect the phase of the
propagating guided waveguide mode.
2.3.1 Quadrature M ethod of Frequency Translation
A well known m ethod of generating  sing le-sideband  suppressed
carrier (S.S.B.S.C) signals, as mentioned earlier, is based on the phase shift or
quadrature m ethod shown in Figure 2.6. This technique operates by the 
cancellation o f one sideband when introducing proper phase shifts (i.e. 90°) 
between the two arms of the bridge and between the m ultiplying signals.
Assume that the input signal fc(t) and the modulating signal fm (t) are 
cos(coct) and sin(o)m t) respectively. Then the outputs of balanced modulators 
A and B are [sin(coc t)c o s (c o m t)] and [cos((oc t)s in (c o m t)] respectively. By
appropriately com bining these two output signals, an up-shift or a down-
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shift in frequency can be obtained, i.e. up-shift signal, fu (t) = sin(coc+com ) t
and down-shift signal, fd(t) = sin(coc-com )t.
Sections 2 .3 .1 .1 , 2 .3 .1 .2 , and 2.3.1.3 will describe a proposal, a 
dem onstra tion , and another dem onstration  o f  op tical frequency  shifting  
using the quadrature technique by Culshaw [2.49], John [2.50], and Izutsu
[2.51] respectively.
2.3.1.1 Proposal bv Culshaw and W ilson
The first proposal for a broadband optical frequency shifter (dc to 
several GHz), based on the quadrature method of S.S.B.S.C. generation, was
that by Culshaw  and W ilson [2.49], F igure 2.7 shows the schem atic 
representation  for th is proposed optical frequency shifter. The balanced 
m odulators were not realised by using I.O. M ach-Zehnder interferom eters. 
Instead, I.O. phase m odulators driven in phase quadrature by square waves 
f(t) and f'(t) were proposed, where:
00
f(t) = 2 4/[(2n-l)jt] sin(2n-l)© mt, and (2 .9 )
n = l
00
f '( t )  =  2 {[ 4 ( - 1 )" * 1 ] / [ ( 2 n - 1 ) n ] } co s(2 n -l)< o m t. (2 .1 0 )
n = l
In the analysis described by Culshaw, Giles and W ilson [2.66] it was
assum ed that the input carrier signal is o f the form (V2 ) c o s ( c o c t), the
modulated components in the upper and lower arms will be given by:
00
f(t) sinwct = 2  {[2 ( - l ) n‘ 1 ] /[(2 n-l)jc]} {sin[©c + (2 n-l)com ]t + 
n = l
sin[© c - (2 n-l)com ]t], and (2 . 1 1 )
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00
f(t) cos©ct = 2  {2 / [ ( 2 n - 1 )7c]} {sin[©c + (2 n-l)com ]t - 
n = l
sin[a)c - (2 n-l)com]t} . ( 2 . 1 2 )
r e s p e c t iv e ly .
These two m odulated optical components (Equations 2.11 and 2.12) 
then interfere in a waveguide Y-junction. All in-phase components at each
frequency will be added in power and thus the output o f the waveguide fs( t)
is:
f s(t) = (2 V2 /tc) {sin(coc + com)t - (l/3)sin(© c - 3o>m )t +
(1/5) sin(o)c + 5com)t + .....}. (2 .13)
This implies that the final spectrum (From Equation 2.13) contains a
m ixture o f upper and lower sidebands spaced at four tim es the fundamental 
m o du la tion  frequency  w ith the c a rr ie r  com plete ly  suppressed . The
theoretical conversion efficiency is -3.9 dB (or 41%).
Figure 2.8 illustrates the com plete layout of the propose integrated 
optic (I.O) frequency shifter with all the necessary m onitoring and detection
facilities to produce error signals. It would be based on a single-mode stripe
w aveguide M ach-Zehnder in terferom eter with one static phase sh ifter and 
two phase m odulators. Also, the use of an optical directional coupler is
proposed for im plem enting a closed-loop error control system.
An optical detector with necessary am plification was proposed for 
m onitoring the output from the side arm of the optical directional coupler. 
The optical phase shifter is very sensitive to variations in the applied 
voltages, photorefractive effects, and may also drift due to tem perature 
changes. From their analysis, any errors due to variations in static phase
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settings can be monitored by the presence of the 2 nd harmonic signal on the 
photodetector. As for errors due to the phase modulators, the presence of the 
fundam ental m odulating frequency on the m onitoring detector can be used 
as an error-correction signal.
In sum m ary, a broadband in tegrated  optic frequency sh ifter with 
erro r-correction  to the spectrum  has been proposed. All the electronics 
needed  to drive this device can be derived from  conventional digital 
circuitry . A theoretical conversion efficiency o f -3.9 dB (41%) has been 
quoted. The proposed frequency shifter could be realised using Ti:LiNb0 3
waveguides. Such a device might find applications in integrated optic sensor 
and FSK optical communication systems in which there are requirem ents for 
a wideband (dc - 10 GHz) frequency shifter.
2.3.1.2 Demonstration bv John and Wilson r2.501
The device proposed in the above section was partially demonstrated 
and im plem ented using a titanium  indiffused M ach-Zehnder interferom eter 
in X-cut LiNbC>3 with the necessary electrode pattern (Figure 2.9). The device
was operated at 633 nm using single mode waveguides of width 4 |im . The 
experim ental setup shown in Figure 2.10 was used to evaluate the optical
frequency shifter. The device was tested from dc to 20 MHz. W ith ECL
im plem entation of the digital driving electronic circuitary, it is possible to 
drive the frequency shifter at higher frequencies. It was found to have 
carrier to image sideband suppression of around 30 dB and had a conversion 
efficiency o f about 40.5% (-3.9 dB). As can be seen from Figure 2.10, 
correction  signals were available to ensure continuously  m aintained high 
suppression  levels betw een the sh ifted  and the im age sidebands. In
conclusion the dem onstration of device perform ance reported by John and 
W ilson was good and compared favourably with other techniques o f optical 
frequency  sh ifting  already described and those to be described . An
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im portant feature of this dem onstration is the use o f the feedback control 
circuitry to maintain good suppression levels as illustrated in Figure 2.10.
2.3.1.3 Demonstration By Izutsu et al
This was the first p ractical dem onstration  o f optical frequency 
sh if tin g  by the q uad ra tu re  techn ique  [2 .51 ], rep re sen tin g  a d irec t 
in terpretation of Figure 2.6. The operation was confirm ed by constructing 
and testing the device using titanium indiffused waveguides in Z-cut LiNb0 3
substrates. A conversion efficiency o f -5 dB (or 31.6% ) was attained 
experimentally with an input drive power of 730 mW. The optical frequency 
shifting was demonstrated at 2 GHz.
Figure 2.11 illustrates a schem atic diagram  of the integrated optic 
S .S .B . f re q u e n c y  sh if te r . T he in te g ra te d  o p tic  M a ch -Z eh n d e r
in terferom eters were used as balanced m odulators and two static  phase
shifters were employed to ensure a 90° phase shift after the laser light was 
divided by a 3 dB Y-junction. The outputs from the two balanced modulators 
were then combined using another 3 dB Y-junction.
Figure 2.12 shows the theoretical optical spectra at several points in 
Figure 2.13. Here ©c and com represents the angular frequencies of the input 
laser light and the m odulating signals. In the final optical spectrum, the 
sidebands were spaced at four times the m odulating frequency. The first 3
sidebands are given by:
F u n d a m e n ta l:  A J ^ m )  exp[j((oc + com)t
3rd Order: AJ_3( $ m) exp[j(a)c - 3o)m)t]
5th Order: A J5 ($m ) cxp|j(a)c + 5 (0 m)t]
OPTICAL WAVEGUIDE
OUTPUT
-  GROUND 
ELECTRODE
PHASE SHIFTER MODULATOR
ELECTRODES ELECTRODES
Figure 2.11 Layout Of The Optical Waveguides And 
Electrodes For The IO SSB Frequency 
Translator (After Reference 2.48)
MOD. 1-4 : PHASE MODULATORS 
p .s.: PHASE SHIFTERS 
I & II: BALANCED MODULATORS
A(t>=<t)mcos(2,
Acb = (hmsinJ2,
mod.1
p.s. m od. 2
m od .3
( ID
p .s. —A<t>‘
-A<f>
A4>
A <f>
P - * -  mod.4
Figure 2.12 Schematic Diagram Of The IO SSB 
Modulator/Frequency Shifter 
(After Reference 2.48)
(a)
(b) ■ ■ ■ i i i J I L
(C) J_ _ _ L
<d) J L
(e)
I t t t l i t l t t t t
c j c ; c ! C ! c j c j  a  a
3
l/> ^  CO CMi i ■ i
3  3  3  3
a
CM
+
3
a cs cs a
CO Tt IO to
+ + + +
3  3  3  3
Figure 2.13 Expected Optical Frequency Spectra 
At Various Points In Figure 2.12 
(After Reference 2.48)
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w h e r e  A is the amplitude of the input laser beam and is the amplitude of
the phase retardation applied to the four phase modulators (mod. 1 -4 ).
The maximum fundamental output [at (coc - o)m )] should be obtained 
when = 1.8 rad. An expected conversion efficiency of -4.7 dB (33.9%) and 
a harm onic distortion o f less than -20 dB referred to the incident optical 
carrier intensity had been predicted theoretically .
The device was realised using optical waveguides of 5 |im  width. By 
changing and adjusting the relative phase shifts of the phase m odulators, 
b a lan ced  m odu la tion  and upper and low er S .S .B . m odu la tion  were 
dem onstrated. There was no m ention of the discrim ination betw een the 
carrier and the required sideband in the above demonstration. The measured 
half-wave voltage for the push-pull modulator was 5.3 V. The quoted optical 
insertion loss (which includes the input and output m icroscope objectives) 
was in the range of -20 dB to -30 dB.
2.3.1.4 Discussions of Optical Frequency Translators Realised
bv the Quadrature Method
In the quadrature m ethod of perform ing optical frequency shifting, 
the cancella tion  o f the sidebands in the in terferom eter arrangem ents is 
sensitive to param eter variations, for exam ple, the optical phase shifter is 
sensitive to variations in the applied voltages and to photorefractive effects 
[2.50] and may also drift due to temperature changes.
In the optical frequency shifter proposed by Culshaw and W ilson 
[2.49] and demonstrated by John and W ilson [2.50], the effect of these errors 
was considered and a feedback system was employed to correct these errors. 
H ow ever, in the device dem onstrated  by Izutsu et al [2.51], no such 
considerations appear to have been made.
The device proposed by Culshaw and W ilson and dem onstrated by 
John and Wilson is also superior to the device reported by Izutsu et al since it
3 8
requires fewer waveguide branches and phase shifters. This implies that the 
overall insertion loss will be lower and less sensitive to param eter variations
since there are fewer optical phase shifters to control electrically.
The devices described by Culshaw and W ilson, John and W ilson, and 
Izutsu et al are in principle broadband, i.e. they can operate from dc to a few 
GHz. The devices seem ed to have theoretically  acceptable conversion 
efficiency of s  40%. There was no mention of image sideband suppression in 
the device reported by Izutsu et al, thus making the evaluation of that device 
in a fibre-optic sensor system difficult. Initial results reported by John and 
W ilson on their optical frequency shifter indicated that with the use of
electrical feedback control, they have achieved around 30 dB suppression of 
shifted signal to image signal with an experim ental conversion efficiency of
around 40.5% [2.50]. More experimental work has to be performed on the 
above two devices in order that they can be considered seriously for use in 
any fibre-optic sensor or com m unication system.
2.3.2 E lectro-O ptical Bragg Array Optical Frequency Translator
In teg ra ted  op tical Bragg d eflec to rs  in p lanar w aveguides have 
already been realised. [2.61-2.63]. In all these devices, the frequency shift is 
lim ited to tens o f m egahertz. The reason for this is that the diffraction
efficiency decreases with long acoustic w avelengths.
R ecen tly , K ingston et al [2.45] proposed  and dem onstrated  a 
b roadband  p lan a r gu ided-w ave op tica l frequency  tra n s la to r  using  an 
electro-optical Bragg array. This device utilised the Bragg diffraction from a 
trave lling  index wave which was produced by an in terd ig ita l electrode 
grating on a titanium diffused waveguide in X-cut LiNb0 3  substrate. A novel
feature o f the device was that the grating electrodes were driven by a three- 
phase electrical signal. This resulted in a unidirectional wave with a fixed
3 9
Bragg angle determined by the electrode spacing. Thus, this device will 
always be operating in the Bragg or thick grating regime.
Figure 2.14 shows a Bragg array optical frequency translator with a
m uch sim plified grating electrode pattern with only 6  electrodes drawn and 
also a section view showing the index wave. The actual device has 120 
electrodes fabricated on it. The electrode array is 5.8 mm long, 0.72 mm wide 
and the electrodes are spread 2 pm  apart with a pitch of 6  pm . This implies 
that the wavelength of the index wave is 18 p m .
For their experimental study, a He-Ne laser operating at X0= 633 nm 
was used to excite the fundam ental TE mode o f the T i:L iN b 0 3  planar 
waveguide. This was carried out by coupling the laser beam into the LHS of 
the device. The diffracted beams were imaged on the RHS of the device. 
Given an array period of 18 pm , the Bragg angle (exterior) is s  1.0° By 
apertu ring  o ff the undiffracted  beam, the output optical spectra o f the 
d iffrac ted  (frequency  sh ifted) beam  was m easured  using  a scanning 
confocal Fabry-Perot interferom eter. Instead of using 3 voltage sources at 
1 2 0 ° relative phase, two equal voltage sources at a 60° relative phase angle 
and grounding one phase of the array could equally well be used.
Experim ental measurements of S.S.B.S.C. operation were performed at 
10 M Hz and 100 MHz. These yielded a carrier-to-sideband conversion
efficiency of 90% (-0.46 dB) with a suppression of the carrier and unwanted 
sideband of 100:1 (20 dB). The experiments were performed at frequencies up
to 400 MHz. Kingston et al [2.44] indicated that the full expected carrier-to-
sideband conversion efficiency was not achieved due to the problems of lead 
inductance and ohmic losses in the electrodes. In order to operate this device 
in the GHz region, one would require a careful m icrow ave design with 
m odified packaging and electrode configuration to take account o f the high 
capacitance at such frequencies.
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In conclusion, a potentially wideband (dc to several GHz) guided- 
wave p lanar optical frequency transla to r using an e lec tro -op tical Bragg 
array has been dem onstrated with some encouraging results.
2.3.3 E lectro-O ptical Frequency Translator bv Heismann and Ulrich
H eism ann and Ulrich have proposed and dem onstrated an optical 
frequency translator using an electro-optic in teraction [2.67, 2.68] with a 
travelling  electric wave [2.52, 2.53] for TE-TM  mode conversion combined 
with optical frequency shifting.
This op tical frequency sh ifter is based on spa tia lly  w eighted
coupling between two nonsynchronous waves. These could, for instance, be 
the TE and TM modes o f a stripe waveguide. Here the "weights" are realised 
by pairs of electrodes forming an electro-optically induced periodic coupling
structure that can be moved at variable speeds forward and backward along
the optical stripe waveguide.
F igure  2.15 shows a schem atic o f  an in teg ra ted  e lec tro -op tic
frequency shifter based on the above principle. Let the period o f the two 
sets o f in terd ig ital electrodes be A and the phase constants o f the two 
propagating modes be p j and P2 ; then
Ap=(Pi  - p 2) = 2*/A (2.14)
I f  the driv ing  voltages, V i and V2 , o f the two sets o f electrodes are 
p roportional to cos \ i  and sin |x , then the em erging wave optical will
propagate as expiO i-x A P). By operating this proposed device with a time-
linear phase shift, i.e. |i=  f i t ,  the emerging wave will propagate as ex p i(ftt-  
x A P). Therefore, it can be seen that a frequency translation Q , is attained
using the travelling  wave interaction.
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In contrast to the Bragg interaction technique for optical frequency
translation, the electro-optic implem entation enables the optical signal to be
shifted from - f tm ax t 0  + ftmax. Here ^  frequency limit of ft is dictated by the
electronic driving circuitry and the design of the electrodes. This device 
potentially will enable S.S.B. modulation to be performed from zero up to 1 
GHz.
The device was designed for an operating wavelength of 730 nm.
From the published value of birefringence for L iN bC ^, a beat length A = 9
mm was calculated. Therefore the gaps and widths of the electrodes were of 
equal values of 2.25 p.m. With 960 such electrodes, arranged in 16 sections of 
15 finger pairs in each of the two systems, a voltage of 27 V was needed for 
full transfer o f power to the output beam. Therefore the total interaction 
length of the frequency translator was 4.464 mm.
The optical frequency translator described above was realised using a 
single-m ode T i:L iN b0 3  stripe waveguide on a Y-cut substrate. The device was
tested with a tunable dye laser with the laser beam propagating along the X-
direction and found to operate efficiently at \ =  723 nm. This implied that 
there was a discrepancy in the value of the birefringence of the LiNbC>3
device and the published value. The device was tested between -1 MHz and +1 
MHz while driven by two phase-quadrature voltages o f about 27 V at the 
offset frequency. In this case, the optical carrier and undesired sidebands 
were suppressed by better than 30 dB, using polarisers. The conversion 
efficiency was estimated to be > 70%. The actual total device length was 4.5 
mm and butt coupling of optical fibres to the device is clearly possible. The 
projected bandwidth of the device is a few GHz but it is anticipated that this 
w ill be very  d iff ic u lt to ach ieve  because  o f e le c tr ica l quadra tu re  
r e q u i r e m e n ts .
The main drawbacks o f the above device are:
4 2
(1 )  Its perform ance is dependent on the b irefringence o f the L iN b0 3  
crystal since the electrode pattern is designed for a specific birefringence 
value, and
(2 )  The need for polarisers to filter off the carrier.
2.3.4 In tegrated-O ptical C hannel-W aveeuide Frequency T ransla to r 
bv Johnson et al
The optical frequency tran sla to r proposed  and dem onstrated  by 
Johnson et al [2.69] is sim ilar to that reported in Section 2.3.3. In the 
approach taken by Johnson et al, the interdigitated electrode structure was 
driven with a three-phase electrical signal to generate the refractive index 
p e rtu rb a tio n  so tha t phase-m atch in g  and th e re fo re  h igh  conversion  
efficiency could be achieved from dc to several GHz. The use of the three- 
phase-drive in terd ig ita ted  electrode system  is sim ilar in concept to the 
e a r lie r  reported  paper on w ide-band slab -w avegu ide  B rag g -d iffrac tio n  
frequency translator [2.45] as described in Section 2.3.2.
The schematic of the device is illustrated in Figure 2.16. The basic 
operation of the device is sim ilar to that o f the device reported in Section 
2.3.3. The format for generating the travelling refractive index wave using 
an interdigitated electrode array is shown in Figure 2.16. Here the relative 
phases o f the e lectrical drive signal can be selected  to achieve single 
sideband frequency translation  to -cos or +cos . For this device the upper
frequency limit is determined by the capacitance o f the electrode array. It is 
predicted that this device can operate up to several GHz. However at these 
higher operating frequencies, the design of the travelling wave electrode is 
critical and may be the major problem to its successful implementation.
The device was fab rica ted  in X -cut LiNbC>3 with the optical 
w aveguides oriented parallel to the Y-axis so that the r5  j e lec tro o p tic  
coefficient could be utilised for TE/TM mode conversion. There were 201
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4 3
e le c tro d e s  in the fab rica ted  g rating  w hich co rresponded  to 67 rf
w avelengths and the refractive index wave spatial period varied across the 
waveguide array from 13.8 pm to 20.1 pm. The experimental structure shown 
in Figure 2.17 consisted o f an array o f 32 straight waveguides intersecting a 
fanned-out electrode grating. The reason for this was to ensure that at least
one device would be at or near the phase matched period.
The devices were tested at an operating wavelength of 1.15 pm  by
coupling TE polarised light into the optical waveguides and m onitoring the 
TM polarised light output. Again, as described in Section 2.3.2, the electrode 
grating was driven with the equivalent of a three-phase-drive by grounding 
one phase and driving the other phases with equal voltages at a 60° relative
phase angle [2.45]. The device was operated at 90 MHz with a peak-to-peak 
driving voltage of 10 V. The optimum electrode spacing was determined to be
5 . 1  p m  which implied a birefringence value of 0.08 which is within the
range o f published  b irefringence values for L iN bO g. For the reported
device, a 10% conversion efficiency was m easured. No m ention o f the 
suppression o f the required sideband to the spurious sidebands was given. 
H ow ever Johnson et al did report the observation o f low er and upper 
sidebands by unbalancing the drive voltages.
Again as in Section 2.3.3, the main drawbacks of this device are the 
dependence on the value of the birefringence o f the LiNbC>3 substra te ,
broadband operation problems and the need for external or integral optical 
po larisers to ensure correct operation o f the devices m aking this device 
u n a ttra c tiv e  fo r fib re  senso rs and o p tica l co m m u n ica tio n  system s
a p p lic a t io n s .
2.3.5 Serrodvne Optical Frequency T ranslators
The serrodyne optical frequency translato r can be classed as the
sim plest o f all the optical frequency translators proposed and demonstrated
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to this day. It consists of an integrated optical phase modulator and optical 
frequency translation is achieved by driving it with a sawtooth waveform. 
The device was first demonstrated by Wong and W right [2.56] and later by 
Johnson and Cox [2.58] at operating w avelengths of 633 nm and 830 
nm .respectively. Thylen et al [2.57] and Johnstone [2.70] later operated 
serrodyne modulators at a wavelength of 1.3 p m .
The serrodyne m odulator was considered for use in the fibre optic 
gyroscope by Kay [2.59]. He considered the behaviour of the device in a 
closed-loop fibre-optic gyroscope. It was concluded that a non-ideal sawtooth 
waveform driven phase m odulator can affect the scale factor of the gyro and 
its linearity. In order to reduce the errors to acceptable levels it is necessary 
to control the peak phase and also to m inim ise the flyback time of the 
sawtooth waveform. The value of the flyback time must be known in order to 
provide the necessary compensation in a closed loop gyro. Toda et al [2.71] 
em ployed  a serrodyne frequency tran s la to r in th e ir op tical in tegrated  
circuit for realisation of a fibre based laser doppler velocimeter. The use of 
the serrodyne device was necessary  in th e ir se lf heterodyne detection 
schem e. The easy im plem entation and the good perform ance o f the 
serrodyne device prompted its use in the optical signal processing chip.
The princip le  o f operation and the various rea lisa tions o f the 
serrodyne frequency translator are described in detail in Chapters 3 and 6  of 
th is thesis respectively.
2.3.6 Discussions o f Optical Frequency Translators Realised bv
Electro-O ptic M ethods
Of all the 10 electro-optic frequency translators described, the two 
m ost useful types are the quadrature type devices proposed and demonstrated 
by Culshaw and Wilson [2.49] and John and Wilson [2.50] respectively and the 
serrodyne device [2.56]. All the others can be considered prim arily as
interesting demonstrations. The device reported by Izutsu et al [2.51] is not
practical due to the very high insertion loss and the requirem ent o f many 
bias signals. Devices proposed and demonstrated by Kingston, Heismann, and 
Johnson, are not practically  attractive since perform ance depends strongly 
on the birefringence of the LiNbC>3 crystal for optimum operation. In
a d d itio n , these  dev ices requ ire  p o la rise rs  to im p lem en t frequency  
transla tion  and serious electrical m atching problem s ex ist for broadband 
high frequency operation. Hence the devices can be considered to be too
com plex and dem anding (in to lerance term s) to use in actual system
im p le m e n ta tio n s ..
2.4 Single-M ode Optical Fibre Frequency Translators
The use o f an all-single-m ode fibre optic system  (e.g. in rotation 
sensors [2.47, 2.72]) is attractive since there may be a reduction in coupling 
problem s com pared to that encountered in coupling betw een single-m ode 
fibres and single-m ode channel waveguides in LiNb0 3  substrates. Also, the 
processing of the guided light could all be done within the fibre. Recently, 
a ll-single-m ode fibre optic devices like, for exam ple, d irectional couplers 
[2.73], polarisation controllers [2.74], polarisers [2.75], tunable couplers [2.76] 
and phase m odulators [2.77] have all been demonstrated.
Optical fibre frequency translators using suitable optical fibres and 
su itab le  acousto-optic transducers appropriately located on the fibre have 
been proposed and dem onstrated by various researchers [2.46, 2.78, 2.79, 
2.80]. Optical fibre frequency translators based on the serrodyne method 
have also been demonstrated [2.60]. Examples o f these devices are reported in 
the follow ing sections.
4 6
2.4.1 A cousto-Q ptic Realisation
Nosu et al reported the first demonstration of an acousto-optic (AO) 
frequency  transla to r using single-m ode optical fibre [2.46]. F igure 2.18 
illustrates the schematic of the device. It consisted o f two PZT phase shifters 
with a highly birefringent fibre (in this case with a beat length, Lp = 3.4 
cm). The distance between the centres of the phase shifters should be an odd 
m ultiple o f a quarter beat length of the fibre. The jacket o f the highly 
birefringent fibre was removed. The fibre was then placed in a capillary 
tube filled with mineral oil. The capillary tube with the fibre in it was then 
suitably placed through the two PZT cylinders, filled with m ineral oil and 
held in place with teflon end caps. The principle is that a standing pressure 
wave (set-up when the PZT cylinders are driven with an RF source) will 
cause elastooptic  coupling between the polarisation  m odes o f the highly 
b ire fr in g e n t fib re .
When one o f the PZT cylinders is driven by an RF signal, upper and 
lower sidebands will be generated on either side of the carrier. For the other 
cylinder, the same result will occur. If one of the cylinders is driven 90° out 
of phase with respect to the other, single-sideband generation will result. 
All these effects were observed experim entally. S.S.B.S.C. generation was 
performed at 5 MHz with a 20 dB discrimination between the upper and lower 
sid eb an d s. T here w ere no spurious sidebands observed  at h igher
f re q u e n c ie s .
In summary, a simple single-mode AO frequency translator has been 
p roposed  and dem onstrated  using highly  b irefringen t single-m ode fibres.
The device works up to 5 MHz with a suppression o f 20 dB in the image 
sideband. Both up-shift and dow n-shift in frequency can be achieved by 
appropriately reversing the phase delay on the cylinders.
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2,4.2 Serrodyne R ealisation
Instead of an integrated optic phase-m odulator, a simple optical-fibre 
phase-sh ifter was used by Dakin et al in their optical fibre serrodyne 
frequency translato r experim ents [2.60], The optical fibre phase shifter 
consisted of several turns of optical fibre on a small hollow PZT cylinder of 
diam eter 25.4 mm, length 25.4 mm, and wall thickness o f 3.2 mm. The optical 
fib re  (single-m ode com m unication type) was bonded to the cylinder to 
ensure good mechanical coupling. The device was tested by driving it with a 
saw tooth  w aveform . H ow ever a num ber o f problem s were observed. 
Resonances were observed and these were therefore damped by the use of 
plasticine and eventually the device was packed into a metal box filled with a 
plastic damping compound. In addition, in order to ensure that the response 
o f the PZT cylinder to sawtooth waveform s was im proved, an electronic 
feedback m ethod was used. No actual results on the optical frequency 
translation  perform ance were reported. Therefore at this tim e this device 
cannot be com pared to optical fibre transla tors realised by acousto-optic 
t e c h n iq u e s .
2.5 S u m m a r y
T hree m ain m ethods o f optical frequency sh ifting /transla tion , i.e. 
acousto-optic/Bragg interaction with a surface acoustic wave, the quadrature 
m ethod and the use o f electro-optic in teraction have all been discussed. 
Im plem entation  to date by various configurations using in tegrated  and 
guided-w ave optics technology have all been exam ined. The serrodyne 
m ethod o f perform ing optical frequency translation  by phase m odulation 
w ith the application o f sawtooth waveforms will be discussed fully in the 
Chapters 3 and 6 . It can be concluded from this review of optical frequency
4 8
translators that the two most prom ising and practical methods that can be 
im plem ented for fibre systems are:-
(1 )  The serrodyne technique [2.56]: This m ethod is useful when the
range of frequency translation is from dc to tens of MHz but is limited at this 
tim e by the driving electronics, and
(2 )  The quadrature method (Culshaw and W ilson) [2.49]: This method is
p o ten tia lly  useful for optical frequency tran sla tio n s  o f up to several 
G igaH ertz .
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CHAPTER 3
THEORY OF "SERRODYNE" METHOD OF OPTICAL 
FREQUENCY TRANSLATION
3.1 In tr o d u c t io n
In this chapter optical frequency translation by the phase-m odulation 
technique using a periodic sawtooth waveform is discussed in detail. The 
e ffects o f various im perfections in waveform  param eters are considered. 
F ina lly , possib le  applications o f optical frequency-transla to rs  in various 
fibre-optic systems are discussed briefly.
3.2 Optical Frequency Translation bv Phase-M odulatim i
The need to m easure accurately the optical phase changes due to an
external stim ulus in some optical fibre-sensor system has led to interest in
o p tica l frequency-transla to rs  based on phase-m odulation  techniques [3.1-
3.5]. C learly such optical frequency-translators can be realised by using
integrated optical electro-optic phase m odulators [3.6-3.11].
An ideal op tica l freq u en cy -sh ift/tran s la tio n  can be ach ieved  by
applying a continuous linear phase deviation as shown in Figure 3.1(a) to an
integrated electro-optic phase modulator. For an optical input waveform of
un it am plitude and frequency fc w ith applied phase-m odulation  function
0 (t), the output waveform is expressed as:
e0 = sin [2icfct + 0(t)] (3.1)
For the case of the continuous phase function, i.e. 0 ( t )  = 2nfm t, 
where fm is the m odulation frequency,
e 0  = sin (2 itfct + 2 rcfmt)
5 6
= sin [(coc + com)t] (3 .2 )
where coc = 2 rcfc and tom = 27cfm
Equation (3.2) im plies that the frequency translation  is ideal. In 
p rac tice , a continuous linear phase function is im possib le  to obtain, 
How ever, this function can also be produced by an ideal sawtooth phase 
function with a zero fall-time, as illustrated in Figure 3.1(b). This approach 
is discussed in detail in Section 3.3 of this chapter.
A lte rn a tiv e ly , the  co n tin u o u s  lin e a r  phase  fu n c tio n  can be 
approxim ated by a series of steps of phase (linear staircase) deviation, as 
shown in Figure 3.1(c). It will be shown in Appendix 3.1 that three is the 
m inim um  num ber o f phase steps required to achieve frequency translation 
w ith significant suppression of the carrier and the first lower sideband and 
with a non-zero first upper sideband [3.12]. The phase function for this case 
b e c o m e s
0 (t) = 0 for 0 £ t £ +T/3
0 (t) = 7t for +T/3 £ t <; +2T/3 (3 .3 )
0 (t) = 2 n for +2T/3 £ t £ +T
where T = l/fm , is the modulation period.
The Fourier analysis (Appendix 3.1) for this ideal th ree-step  phase 
function generates spectral lines only at every third m odulating frequency 
interval with the intervening spectral lines going to zero. The amplitudes of
0(t)
2 tt
0 ( t )
2  TT
___________ I__________________   1- ►
T/3 2T/3 T 2T/3 4T/3 2T t
Figure 3.1 Phase Ructions For
(a) Linear Continuous Type
(b) Ideal Sawtooth Type
(c) Ideal Three-Step Type
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the rem aining spectral lines relative to the unm odulated carrier can be
shown to be (Appendix 3.1)
IEn+l = Ko/n for n = 1, 4, 7, 10 .... }
} (3 .4 )
IEn_l = K0/n  fo rn  = 2, 5, 8 , 11 .... }
where K0  = (3V 3 )/27C and lE ^ I  is the magnitude o f the spectral line at (fc +.
n fm ). A plot of this spectrum is shown in Figure 3.2.
A more general Fourier analysis of an n-step phase function is also
given in Appendix 3.1. In the final chapter of this thesis, a proposed optical 
frequency-translator (using m ultiple electrodes) based on this idea will be 
p r e s e n te d .
3.3 Optical Frequency Translation Bv Sawtooth Phase-M odulation
The serrodyne (the name serrodyne was derived from the Latin word 
"serra" m eaning "saw" or sawtooth".) method approxim ates the continuous 
linear phase deviation [shown in Figure 3.1(a)] by increasing the phase of
an optical signal continuously and linearly over the full period (T) of the 
m odu la tion  frequency (fm ) and returning instantaneously to the starting
phase (i.e. a linear sawtooth waveform with zero fall-time).
From Figure 3.1(b), it can be seen that 0 ( t)  = (2tt/T)t = 27tfmt. Substituting
this value o f 0 ( t )  into Equation 3.1 gives Equation 3.2 again is implying 
perfect frequency translation. Using Equation 3.2, it can be deduced that an
upshift or a downshift in frequency can be obtained by applying a sawtooth 
waveform  with positive or negative slope. However, in practice, it is not 
possible to generate a linear sawtooth with zero flyback-tim e/fall-tim e. In 
consequence, any description of a practical linear sawtooth waveform has to
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include a finite fall-time. The effect of this non-ideal property o f a sawtooth 
waveform will be discussed in later sections of this chapter.
3.4 A nalysis o f Serrodvne Perform ance
3.4.1 In tr o d u c tio n
The perform ance o f a serrodyne frequency -transla to r is evaluated
quantitatively in term s of its output spectrum. For convenience, only up- 
conversion in frequency is considered since down-conversion is given by a 
mere change in sign in relevent terms.
To recap, the output spectrum  o f an ideal serrodyne up-frequency-
translator is a single frequency, (fc + given by Equation 3.2. In practice,
to ta l conversion  to a single sideband frequency (or perfec t frequency
translation) cannot be achieved. This means that the spectrum will contain 
frequencies given by:
fc ± n f m (3 .5 )
where n is any integer or zero. Equation 3.5 applies in general for a
perfec tly  periodic w aveform  and is independent o f the w aveform  and
am plitude of the modulation signal.
The relative strengths or levels of the output frequency components
cou ld  be used  to define (when the m odulation  signal is app lied),
quantitatively , m easures o f serrodyne perform ance, which are:
S = 20 Logio
Output SA at the desired output frequency 
.O utpu t SA at the highest undesired frequency.
(3.6)
where SA is the signal amplitude which is proportional to optical field 
s tren g th , and
5 9
L -  20 Logio Output SA when the translator is unmodulated 
Output SA when the translator is modulated
(3.7)
where SA is again the signal amplitude, S is defined as the decibel (dB) 
suppression o f a particular undesired frequency component and L is the dB 
translation loss or relative conversion efficiency. Hence, good performance 
corresponds to a large value of suppression of unwanted sidebands (S) and a 
small value of relative conversion loss (L).
The iden tified  predom inant factors lim iting  the perform ance o f a 
se rrodyne  frequency -transla to r, in p a rticu la r an in teg ra ted  e lec tro -op tic  
phase m odulator that is driven by a sawtooth waveform are:
( a )  N on-zero  flyback /fa ll-tim e ,
( b )  Non-optim um  sawtooth am plitude,
( c )  N on-linear sawtooth phase variation,
(d )  N on-optim um  operation over a band/range o f frequencies using a 
constant sawtooth amplitude, and
( e )  A m plitude m odulation inherent in an e lectro -op tic  phase m odulator
(due to cut-off modulation as an extreme case o f amplitude modulation effect
o r photoconductive effects [3.13]),
Although in practice a number of lim iting factors would be competing, 
each  w ill be treated  separately  and the com bined e ffec ts  d iscussed
subsequently. It may well be that only one effect/problem  dom inates in 
determ ining perform ance of a serrodyne device. However, in a situation
w here two effects produce the same value o f suppression in unwanted
6 0
sidebands, the two effects acting at the same time will give a suppression of
typ ically  3 dB less than predicted by e ither of the effects separately 
assum ing linear superposition and non-coherence o f the two effects [3.14].
3.-4.2 Effect of Non-Zero Flvback/Fall-Time
The inab ility  o f practical drive e lec tron ics to generate  a perfect
sawtooth waveform implies that the reset time or fall-time or flyback time of
the w aveform  has some finite value. F igure 3.3 illustrates a sawtooth 
waveform  with period T and finite fall-tim e Tf . The derivations o f the
F ourier am plitudes, Cn , for a perfect (with zero fall-time) (Figure 3.4) and a 
non perfect (with finite fall-time Tf) sawtooth are given in Appendix 3.2.
The harm onic amplitudes, Cn , for an upshift in frequency to (where co= 
27i/T) when a sawtooth waveform o f peak-to-peak am plitude 0 p and finite 
fall-tim e Tf is used, are given by Equation A3.2.2.6 (Appendix 3.2), i.e.:
f (T -  Tf)/T T/T 1
Cn = \   ----------- 1  r^T +  \  * sin[0 -  2*n(T -T f)/T]
n \  [0 p-2icn(T-Tf)/Tl (0 p-  2imTf/TJ p f (3 g)
where n = 0 , ± 1 , ±2 , ...
In this analysis, due to the finite fall-tim e of the sawtooth waveform, the 
most difficult sidebands to be suppressed are Cq, C .j , C2 , C_2 , and C3  assuming 
an upshift in frequency at C^. As can be seen from Equation 3.8, the two
main param eters that affect the values of the generated sidebands as a result 
o f frequency translation are the values of 0 p and Tf . Theoretical curves of
sideband suppression with respect to variation o f phase value about the 
peak-to-peak value 0 p and Tf/T for an upshift in frequency were studied.
Let's assume that the optimum peak-to-peak phase value is 0 q. In this
a n a ly s is ,
0 (t)
0
0 (T-Tf) T
Figure 3.3 A Non-Ideal Sawtooth Waveform With Period 
T And A Rnite Fal-Time Tf
0(t)
0 O
Figure 3.4 A Perfect Sawtooth Waveform With 
Period T
6 1
0 q  = 0 p = 2 rc(l+d), (3 .9 )
where d is a very small phase value deviation generally o f the order of Tf/T . 
By substitu ting  Equation 3.9 into Equation 3.8 and assum ing d «  1, the 
approxim ated sideband values are:
C 2  = (-d - 2Tf/T ), }
C _2  = (d - 2Tf/T)/3, and }
C 3  = -(d + 3Tf/T )/2  }
A theoretical plot (Figure 3.5) of |Cn I versus d, where d = ( 0 q  - 2jc)/2tc was 
generated using Equation 3.10. Two im portant conclusions can be drawn 
from Figure 3.5. They are: (1) All the spurious sidebands are optimally 
suppressed  when:
Therefore from Figure 3.5, the overall suppression S0  o f spurious sidebands 
relative to the required shifted sideband is given by:
C! = l,
Co = d,
C_! = (d - Tf/T )/2 ,
(3 .10)
d = -(Tf/T) (3 .11)
S 0 = 20 log1 0  (Tf/T) dB, (3 .12)
and (2) The image sideband is completely suppressed when:
d = (Tf/T ) (3 .13)
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Figure 3.6 shows a theoretical plot of S0 versus (Tf/T). As can be seen from 
this plot it is critical that the value of (Tf/T) is a minimum. Therefore, in
order to achieve an overall serrodyne sideband suppression o f for example 
40 dB, the fall-time must be 1% of the period of the sawtooth signal. This
im plies that the bandwidth of the optical phase m odulator and the function 
generator must be at least 1 0 0  times larger than the actual desired optical
frequency translation. This bandwidth requirem ent is the prim ary practical
lim ita tion  governing the maximum frequency tran sla tion  which can be 
accom plished  by the serrodyne m ethod. D etailed  d iscussions o f this
bandwidth limitation is given in Chapter 6 .
3.4.3 Effect of Non-Optimum Sawtooth Amplitude
The presence of the finite fall-time Tf shown in Figure 3.7 also implies
that the applied phase change for optimum spurious sideband suppression,
0 Q, is given by:
tan 0 = 0p /  T and also tan 9 = (0p-0Q> /  Tf
0o = 0p [1-O yT)] (3 .14)
where 0 p is the required appropriate 2 i c  phase change. This treatment of the 
op tim um  phase change requ ired  for best overa ll spu rious sideband 
suppressions can be confirmed by Figure 3.5.
Serrodyne frequency translators for use in c losed-loop  fib re-op tic  
gyroscope [3.24] have to have best resultant overall (So r) spurious sideband
suppressions since this value will determine the linear dynamic range of the
fibre-optic gyroscope. Table 3.1 snd Figure 3.8 shows a table and plot of 
re su lta n t ov era ll spurious sideband supp ression  Sor in dB against d
o<0
o
in
o
*
o
o
CM
o
iI
l e
<  %
0 p
0 O — I
(T-T,) T
Figure 3.7 An Imperfect Sawtooth Waveform Used For 
Optimum Phase Value Calculation For Best 
Overal Spurious Sideband Suppression
Table 3.1 Results For Best Resultant Spurious Sideband 
Suppression With Respect To Variation In The 
Smal Phase Value d
d
(Tf/T)
0
(Tf/T) 
(-ZT f/T) 
(ZTf/T) 
(-OTf/T) 
(3Tf/T)
S o r
So
So-6.02 
S o-9.54 
S q-6 .0 2  
S 0-12.04 
S q-9.54 
Sg-13.98
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respectively . Numerical results to these theoretical studies are given in
Chapter 6 .
3 .4. 4 Effect of Non-Linear Sawtooth Phase Variation
A nother possible source o f spurious sideband generation is the non- 
linearity of the ramp section of a non-ideal sawtooth waveform. The analysis 
o f the nonlinearity in the sawtooth waveform involves the assum ption that 
the ramp section is a second order polynomial. Appendix 3.3 describes two 
analyses where firstly a study was carried out using a sawtooth with zero
fall-tim e (Figure 3.9) and secondly a study was carried out using a sawtooth
w aveform  with finite fall-tim e T f (Figure 3.10). The result of the second
analysis, i.e. involving a sawtooth with finite fall-tim e is given by Equation
A3.2.2.4. Using Equation 3.9 and assuming that d «  1, Cf can be approximated 
to (Tf/T)(d - Tf/T). When compared to Equation 3.10, this indicated that there 
is degradation in the translated signal.
3.4.5 Effect of Non-Optimum Operation Over a Band/Range of Frequencies 
using a Constant Sawtooth Amplitude
The frequency response of the optical phase m odulator may lim it the 
p e rfo rm a n c e  o f  the serrodyne f re q u e n c y -tra n s la to r  by lim itin g  the 
achievable  overall spurious sideband suppression. The phase m odulator 
behaves like a low pass filter when the equivalent circuit of the device is 
considered. Here the electrode capacitance, C, o f the device and any parasitic 
resistance, inductance, and/or capacitance in the e lectrical in terfacing  o f 
the drive electronics to the electrodes of the optical device will contribute to 
the low-pass filter behaviour and also some resonances. The net result is the 
creation of a particular phase modulator voltage impulse response, h(t). In 
many electrical interfacing of the drive electronics to the electrodes o f the 
phase m odula to r the inductive effects are generally  neg lig ib le . By
0(t)
2TT
Figure 3.9 A Sawtooth Waveform With 2nd Order 
Polynomial NonSnearities And Zero 
Flyback Time
0(t)
0
2(T-T,) 2T(T-Tf) T
Figure 3.10 A Sawtooth Waveform With 2nd Order 
Polynomial NonSnearities And A Finite 
Flyback Time Of Tf
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perform ing the convolution of the sawtooth waveform with h(t), the delayed 
reset time Tnf is given by:
T nf = Tf + RC In {[(T-Tf)/Tf][l-exp(-T f/R C )]} (3 .17)
where R is the effective resistance of the equivalent low pass filter circuit 
and the product RC is the response time of the device. From the theoretical 
analysis in Section 3.4.2, the new overall suppression Sno o f spurious
sidebands to the required translated signal is given by:
^no = ^  l°g io  (Tjif/T) dB, (3 .1 8 )
Therefore, the resultant degradation in the overall spurious suppression of 
sidebands is given as:
S(j0 = (Sqo “ S0) dB,
i.e . Sdo = 20 log1 0  Onf/Tf) dB, (3 .19)
Figure 3.11 illustrates a plot of Sdo for 1 < (Tnf/T f) < 3. Typically, for optical
phase m odulators used in the serrodyne experim ents o f this project, they 
have (Tnf/T f) values of about 1.04 to 1.36 which correspond to 0.34 dB to 2.67
dB in degradation of overall spurious sideband suppressions.
In general the frequency response lim itation is not a problem  since
m ost lumped electrode based phase m odulators can be designed to have 
electrical bandwidths of up to 1 GHz and the optical phase m odulators are
driven with sawtooth waveform frequencies of less than a few MHz.
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3^4,6— Effggt?—fif. th? Presence of Amplitude Modulation in an
Electro-O ptic Phase M od u la to r
The presence o f amplitude m odulation in an optical phase m odulator 
can lim it the performance of the serrodyne device by severely affecting the
im age sideband suppression capability  o f the serrodyne device. The 
am plitude modulation effects may be due to one or more of the following 
e f fe c ts :
( i )  Perturbations to the refractive index o f the optical waveguides 
due to the metallic electrodes,
( i i )  Cut-off modulation, and
( i i i )  Fabry Perot effects.
O f the above three effects, (i) and (ii) are the most common with the last 
effect typically occurring in devices with parallel polished end faces. The 
e ffe c t o f  am plitude m odulation on serrodyne device perform ance was 
analysed by Voges et al [3.15]. The suppression o f the image sideband
com pared to the frequency translated signal is given by:
S im = 20*log1 0  (AM) dB (3 .20)
where AM is the measured percentage amplitude m odulation o f the phase
m odu la to r under evaluation. The cu t-off property o f the stripe optical
w aveguides was found to be the key contributing factor to the level of
m easured amplitude modulation. Amplitude modulation levels o f as high as 
30% were measured which gave a S-m value of about 10 dB. Figure 3.12 shows
a calculated plot of Sim (dB) at various amplitude modulation levels. In such
weakly confined stripe waveguides, it is possible that additional amplitude 
modulation effects due to the metallic electrodes can arise. The solution is to
$
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ensure that the stripe waveguide is far away from cu t-o ff and also a 
d ielectric buffer layer such as SiC>2 can be deposited on the surface of the
phase modulator to minimise the effects o f the metal on the optical signal.
The Fabry Perot effect in a single mode stripe optical waveguide can be 
significant if  the two end faces are parallel and have no anti-reflection 
coatings. The reflections from the end faces of the phase m odulator will 
cause amplitude modulation in the photodetected output signal. The ratio of 
the maximum (Im ax) and the minimum (Imin ) photodetected current is given
b y :
Imax/Imin = [Tmax/C 1-R )2]*{1/[1 + F»sin2 [2itL(n + An)/X] ]) (3 .21 )
w h e r e
Tmax *s maximum transmittance,
F  =  4 R / ( 1 - R ) 2 ,
R  =  R o e ' “ L ,
An = change in the refractive index of the waveguide due to the applied 
e lectric  field,
X  = the optical wavelength of operation, 
a  = stripe waveguide propagation loss value (nepers/cm),
R 0 = the reflection coefficient of the end faces of the device, and
L is the length of the device.
The phase modulators used in the experiments reported in Chapter 6 did not 
have para lle l end faces because they were trim m ed using a diam ond 
impregnated chain saw. Therefore, amplitude modulation effect due to Fabry 
Perot effects is minimial i.e. less than 1 %  which implies a Sim value o f better
than 40 dB.
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3.5 Examples of the Use of Optical Freauencv-Translators in Fibre-Optic
and Integrated Optical Sensor Systems
3.5.1 I n tr o d u c t io n
The use o f  op tica l freq u en cy -tran sla to rs  in fib re  and in tegrated  
optical sensor system s has been proposed and dem onstrated by a num ber of 
research groups [3.3, 3.4, 3.5, 3.16]. For example, the phase-shift induced by 
an external perturbation within the single-m ode fibre-sensor o f Figure 3.13 
is usually detected as an am plitude change. In a configuration without the 
o p tica l f re q u e n c y -sh ifte r /tra n s la to r , it is su b jec t to the in fluence  o f 
am plitude  v aria tions. H ow ever by the use o f an op tica l frequency- 
tra n s la to r , the  op tica l p h a se -sh if t is converted  in to  a low -frequency  
e le c tr ica l p h ase-sh ift (by using  an app rop ria te  pho to d e tec tio n  schem e) 
which can be m easured w ithout the influence o f am plitude changes [3.17]. 
In the rest o f this section, three examples o f applications where the use of 
op tical frequency-transla to rs has been proposed and dem onstrated  w ill be 
d e s c r ib e d .
3.5.2 F ib re-O ptic  H ydrophone
The first possible application is in a fibre-optic hydrophone. The fibre- 
optic hydrophone has been found to be a potentially  superior tool for the 
m easurem ent o f acoustic fields. Both multim ode [3.18, 3.19] and single-mode 
f ib re s  [3 .20] have been  used as op tica l w avegu ides in  hydrophone 
applications. The basic configuration o f a fibre-optic  hydrophone can be 
represented by Figure 3.13 with the acoustic fields as external perturbations. 
In this arrangem ent, the laser beam is split equally into two different paths; 
one o f which transm its through a reference optical-fibre  which is isolated 
from the acoustic field to be m easured, and the o ther o f which passes 
through a specially coated sensing optical-fibre (for extra sensitiv ity) which
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is exposed to the acoustic field [3.21, 3.22]. In general some form of 
m o d u la tio n  techn ique  such as fre q u e n c y -sh ift or p hase-m odu la tion  is
applied on the reference optical-fibre. The two optical beams are finally 
recom bined and detected on the photodetector.
A possible im plem entation o f the scheme shown in F igure 3.13 using 
in tegrated  optical com ponents is illustrated  in Figure 3.14. The proposed
chip consists of a 3 dB optical directional coupler with a phase m odulator on 
one o f the arms of the directional coupler. In this configuration, the output 
(A) from a sem iconductor laser source operating at 830 nm or 1300 nm 
(given by cos coc t) is coupled to one of the input arms o f the directional
coupler. This optical beam is then split up equally  by the appropriate
application of a voltage to the directional coupler. The output from the lower 
arm o f the directional coupler is connected optically to the sensing optical-
fibre. The optical signal at the end o f the sensing optical-fibre is given by
(A /2)cos (coc t+A<J>). On the other output arm, a phase m odulator is integrated
and o p e ra ted  as a se rrodyne  o p tica l fre q u e n c y -tra n s la to r  (g iv ing  a
frequency shift o f (om ). This arm is optically connected to the reference
optical-fibre. The optical signal at the end o f the reference optical-fibre is
given by (A /2)cos [(toc + tom )t]. The two optical outputs from the fibres are
recom bined using the help o f another 3 dB directional coupler. The signal 
from one o f the output ports o f the directional coupler is then connected to 
the photodetector. The total optical field on the detector is given by:
F t(t) oe [cos (coct+A<t>) + cos (toc+a)m)t] (3 .22 )
The photodetector current it(t) can then be expressed as:
it(0  «  (Ft( t) ]2
«  [cos2(<oc+com)t + cos (o>ct+A<|>) + cos (a>mt-A$) +
r .
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cos (2coct+comt+A<|>)] (3 .23)
Due to the fin ite  response tim e o f the photodetector, the actual signal 
generated  is:
it(t) cos (corat-A<J>) (3 .24)
This signal (Equation 3.24) can be detected electronically , for example,
by means o f a phase-locked loop or an FM  discrim inator. The phase-locked 
loop consists o f a phase detector, a low pass filter, and a voltage controlled 
oscillator (VCO). The FM discrim inator consists o f a differentiator (phase-to- 
am plitude converter) and an envelope detector.
T he m ain advan tages o f using  in teg ra ted  op tics , in p a rticu la r a
serrodyne op tical frequency -transla to r, are:
( a )  The overall hydrophone is potentially m ore com pact,
( b )  T he o p tic a l c irc u its  can be m ass p ro d u ce d  u s in g  s tan d ard
pho to lithog raph ic  m ethods, and
( c )  The use o f the frequency-translator makes heterodyne detection easier.
3.5.3 F ibre-O ptic G yroscope
F ibre-optic  gyroscopes have great potential to replace the m echanical 
and the ring laser gyroscopes. One of the biggest uses of gyroscopes is in the 
area o f navigation and guidance. The fibre-optic gyroscope is based on the 
Sagnac effect [3.23]. Although George Sagnac dem onstrated in 1913 that the 
rotation o f a closed optical path about an axis normal to its plane changes the 
interference pattern o f the two light beams travelling  the loop in opposite 
d irec tions, fib re-optic  gyroscopes have not been considered seriously  until 
the dem onstration o f low loss single-m ode optical-fibres in 1976. Although
7 0
both m ultim ode and m onom ode optical fibres have been used in optical 
com m unication system s, only single-m ode fibres can be used in practical 
fib re-op tic  gyroscopes. This is because d ifferen t m odes have effectively 
d ifferen t propagation velocities and path lengths. N um erous single-m ode 
f ib re -o p tic  gyroscopes have been dem onstra ted  by a large num ber of 
research groups over the last 10 years [3.24].
The m inim um  con figu ration  for a Sagnac fib re -op tic  gyroscope is 
shown in Figure 3.15. The laser beam after the first 3 dB coupler is passed 
through an optical polariser. Next the output from the polariser is divided
equally  by another 3 dB coupler and propagates in opposite  directions 
around the optical-fibre loop. The two beam s are recom bined by the two
couplers and detected by a photodetector. The optical intensity  I at the 
photodetector (Figure 3.16) is given by:
I = P0(l + cosA<j>s) (3 .25)
where P0 is the optical power coupled into the first 3 dB coupler.
The Sagnac phase-shift A$s is related to the rotation rate Q by:
A<j)s = [(2tcL D )Q ]/(cX) (3 .26 )
w h e r e  L = The length of the optical-fibre coil,
D = The diam eter o f the optical-fibre coil,
X  = The wavelength of the laser source, and
c = The velocity of light in vacuum.
There are two principal ways in which signal processing can be used to
recover the rotation rate. The first m ethod is by using an open loop system
whereby the optical intensity  I is m easured. By solving the inverse of
Equation 3.25 using I, the Sagnac phase-shift can be determined. The second
| m oS C Ou. »
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technique is by the use o f a closed-loop system in which a nonreciprocal 
phase m odulator is inserted into the optical path. This m odulator generates a 
phase-shift which is equal in m agnitude but opposite in sign to the Sagnac 
phase-sh ift A<J>S. The phase m odulator is controlled by a feedback loop in
such a way that the intensity I rem ains constant. The control signal used 
provides a measure of the rotation rate £2. In the next paragraph, the use of
an optical frequency-translator in the closed-loop system  of an fibre-optic
gyroscope is d iscussed . H ow ever a num ber o f fib re-op tic  gyroscopes 
em ploying the open loop and other closed-loop m ethods for establishing the 
rotation rate have been reported and these can be found in Reference 3.24.
A n o n rec ip ro ca l p h ase -sh ift A<J> can be achieved by in troducing a 
frequency d ifference  Aw betw een the two counterpropagating beams. This
is related to the transit time X through the fibre coil by:
A<t> = AcoT (3 .27)
This phase difference can be used to compensate the Sagnac phase-shift. In
this case the frequency Aca is proportional to the rotation rate £2. In this
situation  a digital output with a large dynam ic range is possible. This 
frequency d ifference  can be generated  by p lacing  an optical frequency- 
transla tor in the optical path o f the fibre gyroscope. The main problem to 
date in trying to im plem ent the frequency-shift schem e is the realisation of 
a su itab le  op tical frequency-transla to r. A review  o f optical frequency 
tran s la tio n  techn iques and actual dem onstrations using op tica l-fib res and 
integrated optical components has been given in Chapter 2 o f this thesis.
The follow ing p roperties are desired  for such an optical frequency-
translator [3.4, 3.10, 3.22, 3.24]:
( a )  R ea lisa tion  in a gu ided-w ave optic  form  (using  op tica l fib res or
in teg rated  op tical com ponents),
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( b )  High conversion  efficiency ,
( c )  Low optical insertion loss,
(d )  Suppression of carrier and image sideband by more than 60 dB, and
( e )  A tuning range of: - 1 MHz < Af < ± 1 MHz.
In order to satisfy the above requirem ents for an optical frequency-
transla to r in the fibre-optic gyroscope, there are three potential candidates. 
They are:
( i )  In tegrated  O ptical Bragg frequency shifters,
( i i )  Frequency shifters using the quadrature phase-shift m ethod, and
( i i i )  S errodyne op tica l freq u en cy -tran s la to rs .
A proposed  co n fig u ra tio n  fo r a fib re -o p tic  gyroscope using  two 
in tegrated  optical serrodyne frequency-translators is shown in F igure 3.16. 
The two frequency-transla to rs  are located  sym m etrically  at both  optical-
fibre ends. The reason for using two frequency-translators is the need to 
overcom e the problem o f the large phase bias produced (which leads to large 
drift due to a high centre frequency) when only one frequency-translator is
used [3.16].
In conclusion , the use o f optical frequency-transla to rs in fibre-optic
gyroscopes has the advantages o f  sm all size , avoidance o f 1/f noise, 
ruggedness, im plem entation o f closed-loop schem es, and being producible in 
v o lu m e .
3.5.4 Fibre-O ptic Laser D oppler V elocim eter
The use o f a serrodyne optical frequency-translator in an optical chip
to perform  laser D oppler velocim etry  has been successfu lly  dem onstrated
[3.5]. A fibre laser D oppler velocim eter (LDV) using bulk optics and a 
heterodyne detection  schem e was dem onstrated  by the sam e researchers.
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The bulk optics LDV was basically  a bulk M ach-Zehnder interferom eter 
arrangem ent with a m ultim ode optical-fibre to pick up the D oppler shifted 
signal. A Bragg cell was used as a frequency-translator in one arm of the 
in te r fe ro m e te r  to p ro v id e  the  n ecessa ry  re fe re n c e  lig h t leve l for 
heterodyne detection. In this device the dynamic range is determined by the 
am ount o f frequency translation o f the reference light beam. The whole 
LDV was assembled by using the necessary bulk optical components on a 30 
cm x 30 cm optical bench and was, therefore, quite bulky and needed careful 
op tica l alignm ent.
The m otivations behind the use o f integrated optical components for the 
fibre-optic LDV described above are reasonably obvious, i.e. that, the unit
becom es m ore com pact and rugged and does not require continuous optical 
rea lignm ent. The in tegrated  optical chip fo r the fib re  laser D oppler 
v e lo c im e te r  co n sis ts  o f a w aveguide in te rfe ro m e te r  (fo rm ed  by the 
connection  o f two Y -junction single-m ode w aveguides) and a serrodyne 
optical frequency-translator. The entire optical chip was realised in an X-
cut T i:L iN b 0 3  substrate, with the laser light being propagated in waveguides
that were parallel to the Z-axis of the crystal (Figure 3.17). A single-mode 
optical-fibre was pigtailed to the optical chip to pick up the Doppler shifted 
signal. In this demonstration a signal to noise ratio of 30 dB was achieved.
In conclusion, the use o f integrated optics technology has resulted in 
the successful realisation o f a compact and rugged fibre LDV which can be 
easily im plem ented practically provided that the HeNe laser is replaced by a 
sem iconductor laser with a linew idth value which is equivalent or sm aller 
than the actual frequency translation value used. The key component used 
in th is experim ent was the serrodyne optical frequency-transla to r. The 
reason fo r it being chosen as the tran sla to r is the sim plicity  o f the
com ponent and also the range o f frequency tran sla tion  needed in this
LL (0
>* >—
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application (i.e. 100 kHz to 1 MHz) is well within the performance capability
of this type of optical frequency-translator.
1 A  S u m m a ry
The use o f the phase-m odulation  techn ique for op tica l frequency
transla tion  was discussed. The continuous linear phase function can be 
approxim ated by a sta ircase  w aveform  or by a saw tooth w aveform  also
known as serrodyne modulation. Fourier analysis for a 3-step and an n-step
staircase waveform have been carried out.
An in v e s tig a tio n  in to  the  fa c to rs  l im itin g  se rro d y n e  dev ice
perform ance has been given. An optical phase m odulator driven by a non­
perfect sawtooth has been considered throughout the discussions. A number
o f  p roblem s affec ting  serrodyne m odulation  perform ance were identified
and associa ted  both w ith the d riv ing  w aveform  and with the detailed
characteristics o f the device.
•The e lec trica l lim iting  factors affecting  overall sideband suppression
include a non-zero fall-tim e, serrodyne voltage error (i,e, control of the 2tc
voltage), non-linear ramp section in the sawtooth waveform  and frequency
response lim ita tion  o f the phase m odulator. The optical lim iting factor 
affecting sideband suppression is the presence o f amplitude m odulation (AM) 
effects. The presence of AM in a phase m odulator may be attributed to mode 
pertu rbation  o f the guided wave due to the m etallic  electrodes, cu t-off
m odulation effects and Fabry Perot m odulations.
The use o f optical frequency-translators in fibre-optic  and integrated
optical sensors has been discussed, in particular the use o f such components 
in the fibre-optic  hydrophone, fib re-optic  gyroscope, and fibre-optic  laser 
D oppler velocim eter has been described.
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APPENDIX 3.1 
SPECTRAL ANALYSIS OF STEPPED PHASE SHIFT
A3.1.1 Fourier Scries - Recap
Let f(t) be a periodic function defined in the interval (-T/2, T/2)
f(t) = a0/2 + Z [  an cos (nict/T) + bn sin (nirt/T)] 
n= 1
The Fourier coefficients of f(t) are given by: 
T /2
an = 2/T J [f(t) cos (roct/T)] dt 
-T /2
a+T
= 2/T J [f(t> cos (njct/T)] dt 
a
(where n = 0, 1, 2, ...)
T /2
b n = 2/T J [f(t) sin (nret/T)] dt 
-T /2
a+T
= 2/T J [f(t) sin (mct/T)] dt 
a
(where n = 0, 1, 2, ...)
Note that a ,  T £ 0 are constants.
A3.1.2 Output W aveform Analysis for Stepped Phase Function
Let the output waveform be expressed as:
E = e(t) sin [coct + 0(t)] (A 3.1.1)
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w h e r e  e ( t )  is the signal am plitude. For our device, the loss is nearly
independent of the phase. Therefore e(t) can be replaced by E0 , 
coc is the carrier radian frequency, and
0 ( t ) is the periodic phase modulation.
Expanding Equation A3.1.1 yields:
E = E0 [ sin coct cos 0(t) + sin 0(t) cos ©ct ] (A 3.1.2)
Since cos 0(t) and sin 0(t) are periodic over the time interval T, ©= 2;t/T, then 
applying A3.1.1 gives:
sin 0(t) = ao/2 + Z  [ ajj cos n o t  + bn sin ncot ] 
n= l
(A 3.1.3)
cos 0(t) = c0/2 + £  [ C n  cos n©t + djj sin n©t ] 
n=l
(A 3.1.4)
E = cos ©ct + Cq/2 sin ©ct +
1/2 S  [ (an - djj) cos (toc + nco)t +(cn + bn) sin (©c + n©)t + 
n=l
(an + dn) cos (©c - n©)t + (Cn - 1^) sin (©c - n©)t ] (A 3.1.5)
T /2
with ao = 2f T  J sin 0(t) dt 
-T /2
(A 3.1.6)
T /2
c0 = 2/T /  cos 0(t) dt 
-T /2
(A 3.1.7)
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T/2
an = 2/T J sin 0(t) cos n o t dt (A 3.1.8)
-T /2
T /2
b n = 2/T J sin 6(t) cos ncot dt (A3.1.9)
-T /2
T /2
cn = 2/T J cos 0(t) cos ncot dt (A 3.1.10)
- T /2
T /2
a n d  dn = 2/T J cos 0(t) sin ncot dt (A 3.1.11)
-T /2
A3.1.2.1 Ideal N-Step Case
For the ideal device 0(t) is an odd function. Therefore sin 0(t) is an odd 
function and cos 0(t) is an even function. (Note A0 = 2 i t  for At = T.)
Hence ao = an = co = dn = 0.
Therefore Equations A3.1.3 and A3.1.4 reduces to:
sin 0(t) = L  b,! sin ncot (A 3.1.12)
n=l
cos 0(t) = 1  %  cos ncot (A 3.1.13)
n=l
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Substitution of Equations A3.1.12 and A3.1.13 into A3.1.2 gives:
oo o©
E = E0 [ sin wct Z Cn cos ncot + cos ooct Z bn sin ncot ]
n= l n=l
oo
= E0 [ (Cn + bn) z  sin (coc + nto)t ] 
n=l
oo
.-. E = E0/2 2  [ (Cn + bn) sin (o>c + nco)t
n= l
+ (cn - bn ) sin (©c - nco)t ] (A 3.1.14)
Equation A3.1.13 implies the following:-
( i )  The carrier is com pletely suppressed,
( i i )  The amplitude o f the upper sidebands (USB) is E0/2 (cn+ b n) at frequency
(coc + nco), and
( i i i )  The amplitude of the lower sidebands (LSB) is E0/2 (cn -b n ) at frequency 
(coc - nco).
Figure 3.18 illustrates the N-stepped approxim ation to the continuous 
phase function. If  the phase function 0(t) is divided into N-steps, then each 
phase step is equal to 2 tc/N  in m agnitude and the total excursion o f the 
function is (2n /N )(N -l) as the time varies between -T/2 and +T/2 in steps of 
T/N. If  the reference is established as 0 = 0 at T = 0, then the function is odd 
and varies over the range
- ( r c / N )  ( N - l )  £  9  <;+ ( J t / N )  ( N - l )
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For the mth step,
0m -  -(*/N) (N -l) + (2k/N) (m-1)
= (jc/N) [2m - (N +l)] (A 3.1.15)
a n d  -(T/2) + (m-1) (T/N) £ tn <; - (T/2) + m (T/N)
o r  T/N [(m-1) - N/2 ] < < (T/N) [ m - N/2] (A 3.1.16)
Substituting Equations A3.1.15 and A 3.1.16 into Equations A3.1.9 and
A3.1.10 respectively, the expressions for bn and cn are:
«  (T/N)(m-N/2)
bn = 2 / T  X /  sin (rc/N) [2m - (N +l)] . sin ncot dt (A 3.1.17)
m=l (T/N) [(m-1)-N/2]
(T/N)(m-N/2)
bn = 2/T X J cos (tc/N) [2m - (N+l)] . cos ncot dt (A 3.1.18)
m=l (T/N)[(m -l)-N/2]
Evaluating the integrals o f Equations A3.1.17 and A3.1.18, and noting 
that coT = 2 n  and sin [x + (n-l)rc] = (- l)n+1 sin x,
N
E + = (E0/2) [Cjj + b„] = ([E0( - l ) n+1]/[2itn] 2  {sin (it/N) [2m(n-l) + 1]
m=l
- sin (w/N) [2m (n-l) - 2n+ l] } (A 3.1.19)
N
E ' = (Eo/2) [Cn ~ b„] = {[E0( - l ) n+1]/[2jtn] 2  (sin (>t/N) [2m (n+l) - 1]
m=l
- sin (jc/N) [2m (n+l) - 2n-l] } (A 3.1.20)
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F urther breaking  down o f sine functions into separate term s that 
contain m gives:
E + = [E0( - 1 )n+ 1 ]/(2xn ){ [ cos (ic/N) - cos (tc/N) (l-2n) ]
N
* X sin [2jcm/N] (n -l) + [ sin (tc/N) - sin (rc/N) (l-2n ) ] 
m=l
N
* X cos (2xm/N) (n -l)  } (A 3.1.21)
m=l
a n d  E ” = [E0( - l ) n+1]/(2icn){ [ cos (tt/N) - cos (jc/N) (l+2n) ]
N
* X sin [2jcm/N] (n+ l) + [ sin ( n / N )  - sin (jc/N) (l+ 2n) ] 
m=l
N
* X  cos (2itm/N) (n -l) } (A 3.1.22) 
m=l
U sing the trigonom etric series:
cos x + cos 2x + ... + cos Nx = {sin [(2N+1) (x/2)]}/[2 sin (x/2)] - (1/2)
(A 3.1.23)
a n d  sin x + sin 2x + ... + sin Nx = [(1/2) cot (x/2)] -
{cos [(2 N + l)(x /2 )]} /[2 sin (x /2 )]
(A 3.1.24)
In this case, x = (27t)/[N(n-l)] for E+ and x = (2x)/[N (n+l)] for E .
From Equation A3.1.23 it can be seen that:
N N
X sin {[(27tm)/N] (n-l)} = X sin {[(27tm)/N] (n+l)} = 0
m=l m=l
for all integer values o f n. Therefore, Equations A3.1.21 and A3.1.2 reduce to:
E + = {[E0( - l ) n+1]/(2itn)} { sin (it/N) - sin [(n /N )(l-2n)] )
N
X cos {[(2jcm)/N] (n -l)} /N  (A 3.1.25)
m=l
E ' = ([E0( - l ) n+1]/(2nn)) { sin [(>u/N)(l+2n)] - sin (n/N) )
N
X C O S  {[(27tm)/N] (n+ l)} /N  (A 3.1.26)
m=l
For E+ and using the Equation A3.1.23,
N
X C O S  {[(2rcm)/N}(n-l)} = {[sin(7c/N )(n-l)]/[2sin(7c/N )(n-l)]} - (1/2)
(A 3.1.27)
If  (n -l)/N  *  k, where k is any positive integer from 0 to + °°, then from 
Equation A3.1.27, it can be deduced that E+ = 0. If however (n-l)/N  = k, i.e. n = 
(kN+1), and using Equation A3.1.25,
E+ = {[E0( - 1)kN+2 ]/[2^(kN +l)]} [2sin ( n / N ) ]  N (A 3.1.28)
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o r  IE+I = [E0/(kN + l)][s in (> t/N )/()t/N )] (A 3.1.29)
Therefore the spectral lines appear at frequencies:
k= +00
fs = fc + (kN +l)f I (A 3.1.30)
k= 0
Now for E", we can deduce from Equation A3.1.23 that 
N
I  cos {[(27cm)/N] (n+l)} = {[sin (ji/N )(n+ l)]/[2sin  (jc/N)(n+l)]} - (1/2) 
m=l
(A 3.1.31)
If  (n+ l)/N  * k, where k is any positive integer from +1 to + «>, since n 
cannot take on negative values, then from Equation A3.1.31, we find that E‘ = 
0. If however (n+l)/N  = k, i.e. n = (kN-1), and using Equation A3.1.26, we find 
th a t :
E" = ([E0( - l ) kN]/[2it(kN +l)]) [-2sin (it/N)] N (A 3.1.32)
o r  IE"I = [E0/(k N -l)][s in (jt/N )/(> t/N )]  (A 3.1.33)
Now the spectral lines appear at frequencies:
k= +oo
fs = fc - (k N -l)f I
k= +1
(A 3.1.34)
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A L 1 2 2  Ideal 3-Step Case
For an ideal 3-step phase function (i.e, N = 3), the magnitude o f the USB,
E+ is
E + = [(3V3)/(2*)] [(E0)/(3 k + l) ]  for k = 0, 1, 2, ...
and the magnitude o f the LSB, E" is
E" = [(3V3)/(2n)] l(E0) /(3 k - l ) ]  for k = 1, 2, 3, ...
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APPENDIX 3.2
SPECTRAL ANALYSIS OF PERFECT AND NON-PERFECT 
SAWTOOTH WAVEFORMS
A3.2.1 Perfect Sawtooth W aveform
Let 0 ( t )  be a perfect periodic sawtooth function defined in the interval
(0, T)
0 ( t)  = ( 0 p/ T ) t  for 0 < t < T (A 3.2.1.1)
where 0 p is the peak-to-peak phase value o f the perfect sawtooth waveform 
as illustrated in Figure 3.4 (Chapter 3). In order to accomplish the serrodyne 
perform ance, the sawtooth waveform is applied to the electrodes o f an optical 
phase m odulator. The optical output signal will be proportional to:
Re {<J[(V  + 0 ( t)1 ) (A 3.2.1.2)
where o>c is the circular frequency o f the input unshifted optical wave and 
0 ( t )  is a function proportional to the modulating sawtooth. Since 0 ( t )  is an 
odd function, the Fourier coefficients o f 0 ( t )  are given by:
An = 0,
and to obtain a frequency analysis o f Equation 3.2.1.2, is written as a
F ourier series:
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+oo
ej0 ( t ) s 2  Cnejn<ot
where to = 2 n f T  and 
T
Cn = (1/T) J " no)t] dt 
0
(where n = 0, ±1, ±2, ...)
Substituting Equation A3.2.1.1 into Equation A3.2.1.4 gives: 
T
Cn = (1/T) J e ^ p 77 '  no))t dt 
0
= { l/[ jT (0 p/ r  - nm )])*{ej( 0 p/ r  " n(D)T - 1}
T h e r e f o r e ,
Re (Cn) ss [sin(0p  - 2 jcn )]/[0p - 2jcn]
(A3.2.1.3)
(A3.2.1.4)
(A3.2.1.5)
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A3.2.2 Effect of Finite Flvback Time Tf
Let 0  (t) be a periodic saw tooth function w ith a fin ite  fall-tim e Tf ,
defined in the interval (0, T):
0 ( t)  = [ ( 0 p)/(T - Tf)] t for 0 <; t < (T-Tf), and (A3.2.2.1)
0 ( 0  = [ (0 p/(T f)(T - t)] t for (T-Tf) < t < T, (A3.2.2.2)
Since 0 ( t )  = 0 ( t  + T) for periodic waveform, therefore Equation A3.2.2.2 can
be rew ritten as:
0 ( t  + T) = [(0 p /(T f)(- t)] t for -Tf < t < 0, (A 3.2.2.3)
w here 0  p is the peak-to-peak  phase value o f the non-ideal sawtooth
w aveform  as illustrated  in Figure 3.3 (C hapter 3). Since 0  (t) is an odd
function, the Fourier coefficients of 0 ( t )  are given by:
A„ = 0.
and to obtain a frequency analysis o f Equation A3.2.1.2, is written as a
F ou rie r series:
+oo
ej0(t)= I  C^nmt
-OO
(A 3.2.2.4)
where to = 2tc/T  and
T
C n = (1/T) J ei(0(t) ■ n<st) dt (A3.2.:
0
(where n = 0, ±1, ±2, ...)
Substituting Equations A3.2.2.1 and A3.2.2.3 into Equation A3.2.2.5 gives: 
T-T
Cn = (1/T) J e ) [ ( 0 p ) / ( T - T f >  - n<o]t dt 
0
Tf
+ (1/T) /  e i f ( - 0 p) /(T f) '  n“ )]‘ dtP 
0
=  ( l / j T [ 0 p/ ( T - T f ) - n a > ] }  *  { e i [ 0 p / ( T ‘T f ) '  n“ ><T -T f ) .  1 }
+  ( l / j T [ ( - 0 p / T f ) - n a » )  *  { e i t ' 0 p /T f  ‘ -  1 )
=  ( [ (T -T f ) / T ] / j [ 0 p - 2 ) t n ( T - T f ) /T ] )  * ( e iK >p -  2™ <T -T f)/T ] .  1}
+  [ ( T f / T ) / ( 0 p +  2 it n T f/T ) ]  * s i n [ 0 p +  2 )tn T f / T ]
R e  (C „ )  =  { [ (T -T f ) / T ] / [ 0 p - 2 i t n ( T - T f ) /T ]  *  s i n [ 0 p -  2 i t n ( T - T f ) / T )
+  [(T f/ T ) / ( 0 p +  2 j tn T f /T ))  *  s i n [ 0 p -  2 i t n ( T - T f ) /T  +  2 n n T /T ]
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T h e re fo re ,
Cn = {[(T-Tf)/T ]/[0 p-27cn(T-Tf)/T] * s in [0 p - 27cn(T-Tf)/T}
+ { [(T f/T )/(0p +27cnTf/T)] * s in [0 p - 27tn(T-Tf) /T ] }
[  (T -  Tf)/T T/T 1
c n =1 7 - — + T Z —  ------------ *  sin [0  -  2jcn(T-Tf)/T]n [ [0  -  2jm(T-Tf)/T] (0  -  l i m T J T  J p f
(A3.2.2.6)
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APPENDIX 3.3 
SPECTRAL ANALYSIS OF PERFECT AND NON-PERFECT 
SAWTOOTH WAVEFORMS WITH 2ND ORDER 
POLYNOMIAL NON-LINEARITIES
A3,3.1 Sawtooth W aveform with 2nd Order Polynomial Non-
Linearities and with Zero Flvback Time
Let 0  (t) be a periodic saw tooth function with 2nd order polynomial 
non-linearitites and zero flyback time, defined in the interval (0, T):
0 ( t)  = ( 0 p/2 T 2) t2 + ( 0 p/2T) t for 0 < t < T (A 3.3.1.1)
where 0 p is the peak-to-peak value of the sawtooth waveform with 2nd order 
polynom ial non-linearities as illustrated in Figure 3.9. Using the 
r e la t io n s h ip s :
-h»
e j0 ( t ) s  £  (A3.3.1.2)
where oo = 2icfT and
T
Cn = (1/T) J e>[ 0 ( t ) " n(0tl dt (A 3.3.1.3)
0
(where n = 0, ±1, ±2, ...)
Substituting Equation A3.3.1.1 into Equation A3.3.1.3 gives:
9 0
T
Cn = (1/T) J ej[<0 p/2T2) ,2 + ( 0 P/2T) 1 - n“ t)] dt 
0
Cn = { l/[ jT (0 p/2T - 27cn/T)]}*{ej ( 0 p/2T '  2jcn/T)T . 1 }
T
*(1/T) J  [1 + j 0 pt2/2 T 2 - ( 0 p) V / 8 T 4 - j ( 0 p) 3t6/4 8 T 6 + ( 0 p)4t8/3 8 4 T 8] dt 
0
C n = [ l/ j(0 p /2  - 2nn)]*[l + j 0 p/6 - ( 0 p)2/4O - j ( 0 p)3/3 3 6  
+ ( 0 p)4 /3456 ]*{e j ( 0 p/2 '  2 n n )  -  1}
C n = [ l / j ( 0 p/2  - 2*n)]*[l + j 0 p/6  - ( 0 p)2/4O - j ( 0 p ) 3/3 3 6  
+ ( 0 p)4/3456]*{[-l + c o s (0 p/2 - 2itn)] + js in (0 p/2 - 2tcii)}
T h e r e f o r e ,
Re (C,,) = (sin[ ( 0 p/2 - 2 i tn ) /(0 p/2 - 2itn)]}*[l - ( 0 p)2/4O 
+ ( 0 p )4/3456J + [c o s (0 p/2 - 2 i tn ) /(0 p/2 - 2 n n ) ]« (0 p/6 - ( 0 p ) 3/3 3 6 ] 
[ l / ( 0 p /2  - 2 i tn ) ]* [ (0 p)3/336 - 0 p/6 ]  (A 3.3.1.4)
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A3.3.2 Sawtooth W aveform with 2nd O rder Polynom ial Non-Linearities 
and Finite Flyback Time Tf
Let 0 ( t )  be a periodic sawtooth function with 2nd order polynomial 
non-linearities and a finite fall-tim e Tf , defined in the interval (0, T)
0 ( t)  = [ ( 0 p)/2 (T -T f)2] t2 + [(0 p)/2 (T -T f)] t
for 0 <£ t < (T-Tf), and (A3.3.2.1)
0 ( t)  = [ (0 p/T f)(T - t)] for (T-Tf) < t < T, (A 3.3.2.2)
Since 0 ( t )  = 0 ( t  + T) for periodic waveform, therefore Equation A3.3.2.2 can 
be rew ritten as:
0 ( t  + T) = [ (0 p/(T f)(- t)] for -Tf < t < 0, (A3.3.2.3)
where 0 p is the peak-to-peak value o f the non-ideal sawtooth waveform as 
illustrated in Figure 3.10. Substituting Equations A3.3.2.1 and A3.3.2.3 into 
Equation A3.3.1.3 gives:
(T-Tf)
C„ = (1/T) { / ei[(0 P/2(T-Tf)2) ,2 + « V 2<T-Tf» 1 - no)t| dt 
0
Tf
+ J "nctt^  dt
0
From previous analysis in Section A3.2.2,
Tf
J e i[(-0 p/Tf)t - not] dt _  {(Tf/T ) / ( 0 p + 27cnTf/T )}
0
*{ s in [0 p  - 2nn(T -T f)/T] }
a n d ,
(T-Tf)
(1/T) J ,J [ ( 0 p/2(T-Tf>2) t2 + ( 0 p/2(T-Tf}) t - ««.,] dt 
0
= {l / |jT ( 0 p/2 (T -T f) - 2 )tn /T )]}* (e j( 0 p/2(T-Tf) '  2*n/T)(T-Tf) .  , j
(T-Tf)
*(1/T) J [1 + j 0 pt2/2 (T -T f)2 - ( 0 p ) 2t4/8 (T -T f)4 
0
- j ( 0 p) 3t6/4 8 (T -T f)6 + ( 0 p)4 t8/3 8 4 (T -T f)8
= ( l/[ jT (0 p/2 (T -T f) - 2 jtn /T )]) * {e i[ 0 p/2(T‘Tf) '  2*n/T](T-Tf) .  j j 
* [(T -T f)/T] * [1 + j 0 p/6 - ( 0 p)2/4O - j ( 0 p)3/336 + ( 0 p)4/3 4 5 6 ]
=  (t (T -T f ) 2 / T 2 ] / [ j ( 0 p / 2  - 2 7 tn (T -T f ) / T ) l )
» (e j(0 p /2  - 2nn(T-Tf)/T) .  j j
*[1 + j 0 p/6 - ( 0 p)2/4O - j ( 0 p)3/336 + ( 0 p)4/3 4 5 6 ]
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T h e r e f o r e ,
Re (C^) = {(Tf/T ) / ( 0 p + I n n T f / T ) }  *  { s in [0 p - 2jcn(T-Tf)/T] )
+ [(T-Tf)2/T 2] * (1 - K 0 p)2/4O] + [<0p)4/3456] )
* [ s in ( 0 p/2 - 2 jtn (T -T f) /T ) / ( 0 p/2 - 2 itn (T -T f)/T )]
+ [(T-Tf)2/T 2] * ( ( 0 p)/6 - ( 0 p) 3/336 } * [co s(0 p/2 - 2iun(T-Tf)/T ) 
/ (0 p /2  - 2 n n (T -T f)/T )]
+ [(T-Tf)2/T2]/[(0p/2 - 2itn(T-Tf)/T)] * [ (0p)3/336 - (0p)/6 ]
(A 3.2 .2 .4)
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CHAPTER 4 
WAVEGUIDE FABRICATION TECHNIQUES
4A  Introduction
In th is  ch a p te r, d e ta ile d  p ro ced u res  fo r fab rica tio n  o f  op tical 
w aveguides in L iN b 0 3  by titanium  ind iffusion  and proton-exchange are
described . An up-to -date  review  on the p ro ton-exchange technique is 
described to provide a full understanding o f the process.
Slab and stripe optical waveguides have been fabricated using titanium 
in d iffu s io n  and p ro to n -ex ch an g e . It is im p o rtan t to co n tro l the 
m a n u fa c tu r in g  p ro ce ss  so th a t d ev ices  w ith  p re d ic ta b le  o p era tin g  
characteris tics  can be realised . Rough w aveguide edges and m isaligned 
electrodes lead to lossy or ineffic ien t optical w aveguide devices. The 
preparation o f the L iN b (>3 substrates is o f utm ost importance. Grease, wax,
and dust particles (even on the order o f a few m icrons) cause serious 
fab rica tion  p roblem s, such as poor adhesion o f titan ium  film s to the 
substrates or d iscontinuous waveguide patterns.
4*2 Fabrication of Ti:LiNb0 3 Active Devices
4.2.1 I n tr o d u c t io n
Lithium  N iobate (LiN b0 3 > is a ferroelectric and electro-optic material of 
c o n s id e ra b le  p o te n t ia l  im p o r ta n c e  in s in g le -m o d e  o p tic a l  f ib re  
com m unications system s [4.1], signal processing applications [4.2] and sensor 
applications [4.3]. A concise summary of the structure and other properties 
o f LiN b (>3 is given in Appendix 4.1 of this chapter.
Optical waveguides in LiNb0 3  can be produced by:-
( a )  an e lec tro -op tically  induced increase in the surface refractive index
[4.4], (b) outdiffusion of lithium [4.5], (c) indiffusion of transition metals
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[4 .6], (d) ion bom bardm ent [4.7], (e) proton-exchange [4.8], (f) a 
com bination o f titanium  indiffusion and ion bom bardm ent [4.9] and (g) a
com bination o f titanium  indiffusion and proton-exchange [4.10].
The most common technique o f optical waveguide form ation is method
(c), o f which titanium  is the m ost popular transition  m etal used. Ion 
bom bardm ent in fact decreases the refractive index o f L iN b0 3  whereas the
other processes increase it. The proton-exchange technique for waveguide
fabrication is described in detail in Section 4.3.1.
The fabrication o f a Ti:LiN b0 3  actiye device (a phase m odulator in this
thesis) can be divided into six main stages. They are:-
( i )  O riginal m ask m aking
( i i )  S u b stra te  p rep ara tio n
( i i i )  W aveguide pa tte rn  p repara tion
( iv )  W aveguide form ation
( v )  T itan ium  ind iffusion
( v i )  E lectrode  fab rica tion
4.2.2 M ask M aking
Before the optical waveguide can actually be fabricated, a photographic 
mask o f the necessary pattern needs to be prepared. All the original masks 
used in the experim ental work on phase m odulators reported in the thesis 
were m ade in the D epartm ent o f E lectronics and E lectrical Engineering, 
University o f Glasgow [4.11]. It is very important to ensure that the original 
mask is o f highest quality. Any variations in width along the length of a 
waveguide for example, can degrade the perform ance of a device since the 
propagation constant o f the optical wave will vary. Also the presence of
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rough edges along the waveguide pattern could result in higher propagation
losses since more light will be scattered into the substrate.
For the work of this thesis, the patterns of both the waveguide and its 
appropriate electrode masks were cut from Rubylith (a transparent polyester 
base coated with an opaque thin film). The cutting was carried out on a flat­
bed cutting table (Aristo Co-ordinatograph) and the dark or light field masks 
were fashioned by selective removal o f the cut opaque layer. This master
pattern was then placed on a vertical light table. First a X20 reduction was 
m ade on a high resolution emulsion type plate using an Ultra-M icro Nikkor 
lens. Using a projection printer equipped with a Micro Tropel lens, a final
reduction o f X4 was made onto a Balzer photoresist-coated low -reflectivity 
chrome plate. A minimum linewidth of 1.25 |im  over an 18 mm dimension has
been obtained w ith th is system . The orig inal m asks em ployed in the
experim ental work were well within the capabilities o f this system.
4.2.3 S ubstra te  P repara tion
The crystal substrates used in these experim ents were acoustic (SAW) 
grade lithium  niobate (L iN b0 3 ) purchased from Barr and Stroud (Glasgow)
Limited. X-cut, Y-cut and Z-cut LiNb0 3  were used. The Y-cut LiNb0 3  was *n
the form of discs, 50 mm in diameter, 0.5 mm thick and had the Z-axis normal 
to a flat cut on one edge of the plate. The X-cut and Z-cut LiNb0 3  were
obtained from a boule measuring 25 mm x 80 mm x 50 mm. Substrates of the 
appropriate crystal cut (i.e. X- or Z-) were sawn with 1 mm thicknesses. The
w aveguide surfaces o f the L iN b0 3  substrates were nom inally polished to a
smooth finish. Figure 4.1 shows a typical surface roughness profile of a Y- 
cut L iN b 0 3  substrate. Measurements yielded a surface roughness of less than
4 nanom eters. The stylus tip used for the m easurem ents was spherical in 
shape and approximately 2.5 jim in diameter.
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The inner alum ina tube o f the d iffusion furnace was 12.5 mm in 
diam eter and thus the width of all the LiNb0 3  substrates was standardised at
10 mm. The required X- or Z-cut substrates were mounted on a glass plate
(using dental wax) and cut with a diam ond saw. The final size of all
substrates was 20 mm x 10 mm x 0.5 mm (or 1.0 mm), i.e. the nominal size of
L iN b 0 3  substrates used in the experiments reported in this thesis. Figure 4.2 
show s X -cut, Y-cut and Z-cut L iN b0 3  substrates with their direction of
propagation as along the Y-axis, X-axis and Y-axis respectively.
Before titanium  deposition, the LiN b0 3  surface was thoroughly cleaned
since the process of dicing the slices introduced a lot o f grease and wax. If
the substrates were not properly degreased and free o f dust particles, the
follow ing would result:-
( a )  Any slab waveguides fabricated would be lossy, and
( b )  The stripe waveguide titanium  pattern formed could peel off from the
substrate resulting in a discontinuous titanium  stripe. This will result in a
high insertion loss for the Ti:L iN b0 3  strip waveguide fabricated because at
the discontinuities the light is scattered into the substrate.
It is well known that LiNb0 3  is a very difficult material to handle and to
clean. Since it is a piezoelectric crystal with high resistivity , high static
charge could be formed on the surface o f the substrate. This would result in 
dust particles being attracted to the surface. To assist in cleaning, an anti­
static gun (Zerostat - ASP21) was employed to null any charges formed on the 
surfaces o f the substrates. It was found that the Z-cut LiNb0 3  proved most
d ifficu lt to clean due to the pyroelectric effects as a result o f tem perature 
changes during the cleaning process.
The substrates were cleaned in a series of warm and room temperature
solvents in a clean room (class 100). To m inim ise the problem  of dust 
particles being attracted to the surface of the LiNb0 3 , they were kept in the
V 2 i 3 3 3  M A D E  IN E N G L A N D
U W  H O B S O N  L E IC ES TER R A N K  TAYLOR
Figure 4.1 A Typical Surface Roughness Profile 
Of A Y-Cut LiNb03 Substrate
(a)
10 mm
20m m
(b)
v<&-
(e)
Figure 4.2 Substrate Dimensions Of X-, Y-, And Z- 
C utU N b03 Used In All Experiments
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solutions all the time, i.e. they were never allowed to dry out. The following 
cleaning procedure for all L iN b0 3  substrates was adopted since it produced
the best results:-
( i )  All beakers and tweezers used in the cleaning process were cleaned 
ultrasonically  in warm Trichloroethylene for 15 m inutes. They were then
cleaned ultrasonically in Acetone for another 15 minutes. The tweezers were 
then place in a beaker contain ing  Iso-propyl alcohol (IPA ). This was
changed after 15 samples had been cleaned.
( i i )  T he L iN bO j substra tes  were f irs t soaked in warm  ( =  50°C )
T rich lo ro e th y len e  fo r 15 m inutes and then  ag ita ted  u ltra so n ica lly  for
another 15 m inutes.
( i i i )  U ltrasonic agitation in A cetone (10 m inutes), M ethanol (10 m inutes) 
and Iso-propyl alcohol (10 minutes) were carried out on the samples.
( iv )  The samples were then soaked in a 10% Decon 90 solution for 12 hours.
( v )  Rinsing with deionised water was carried out for 10 minutes.
( v i )  The samples were then ultrasonically agitated in Acetone (10 minutes), 
M ethanol (10 m inutes) and finally Iso-propyl alcohol (10 minutes).
A fter stage (vi), the samples were blown dry with filtered oxygen-free
nitrogen gas. They were kept in a pre-cleaned covered Pyrex dish until they
were ready for waveguide pattern form ation. It was noted that samples 
should  alw ays be spun w ith pho to resis t im m ediately  a fte r the solvent
cleaning procedure. This was because any long delays (£  1 hour) could
result in poor photoresist adhesion to the substrates.
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4.2.4 W aveguide Pattern  P reparation
In all o f the stripe waveguide pattern preparation, the positive resist 
Shipley AZ1350J was used. It was applied to the substrate by a filtered
syringe (with 0.2 pm  m illipore type FGLP filter). The spinning was carried
out on a standard vacuum  sem iconductor w afer sp inner (Dage Precim a or
Hedway EC101) for 20 seconds at 4000 rpm. At this point, it was possible to
assess the cleanliness o f the substrates. Any problem s (w ith small dust
partic les) were easily seen under a m icroscope and the sam ples cleaned 
again. The satisfactory photoresist covered samples were then baked in an 
oven (at 8 5 °C -9  5 °C ) for 30 m inutes to drive o ff the solvent from the
p h o to re s is t .
The required waveguide pattern  was form ed by em ploying a chrome 
m ask in e ither a U.V. quartz-halogen lamp contact prin ter arrangem ent (5 
m inutes exposure tim e) or by a Dage Precim a mask aligner (20 seconds
exposure time). Two to three exposures were made for each substrate. A 1:1 
solution o f deionised water and Shipley AZ developer was used to develop the 
exposed pattern  for 20 seconds. The sam ples were rinsed in flow ing
deionised water for at least 2 minutes to remove all traces of the developer.
The samples were examined under a m icroscope unit for any defects.
The m ost comm on problem s included the presence o f particles inside the 
w aveguide opening. U ltrasonic agitation was em ployed to dislodge these 
partic les. I f  th is failed , the sam ples were processed  righ t from  the 
b eg in n in g  again . S uccessfu l sam ples were now ready fo r titan ium  
d e p o s itio n .
4.2.5 W aveguide Form ation
A fter p reparation , the sam ples o f L iN b 0 3  were placed in a vacuum
cham ber so that a thin layer o f titanium could be deposited on the surfaces.
1 0 2
The m ethod employed for titanium  deposition was electon-beam  evaporation. 
The evaporation unit (Figure 4.3) consisted of a pumping system, an electron 
beam gun assem bly and a quartz-crystal film -thickness m onitoring device. 
The vacuum pump system was an Edwards 12E 6" silicone oil diffusion pump, 
backed out with a rotary pump. To avoid contam inating the deposition 
cham ber with "backstream ing" diffusion pump oil, a liquid nitrogen cold 
trap is fitted. In the electron beam gun assembly, the titanium source discs 
(from  M aterials Research Corporation MARZ grade 99.97%  pure titanium ) 
were supported in a reactor grade graphite crucible and the pow er to the 
electron beam gun was supplied by a G.V. Planer power supply. A Speedivac 
quartz-crystal unit was used to m onitor the titanium  thickness during and 
a fte r  evapora tion .
The electron beam evaporation process was in itia ted  by pum ping the
pressure in the vacuum chamber down to around 10‘6 Torr before power was 
applied to the electron beam gun. The power to the electron beam gun was 
slow ly increased  for the next 5 m inutes during which tim e outgassing 
occurred and the pressure in the vacuum cham ber rose to about 5x l0"6 Torr. 
A shutter between the titanium target and the LiNb0 3  sample was kept closed
until the target reached its m elting point i.e. 1675°C. The power to the
electron beam gun was set typically to around 160 W to 200 W (i.e. 4 kV at 40- 
50 mA). It was noted that at 1675°C the titanium target was white hot. At 
these values, the shutter was opened and the evaporation o f the titanium  
began (at around 10"^ Torr). After the required amount of titanium had been 
deposited, the shutter was closed and by then the pressure in the vacuum 
cham ber was around 5 x 10 Torr. After deposition, the electron beam unit
was left to cool for 1.0 hour.
D uring the process o f titanium  evaporation, the film thickness o f the 
titanium  deposited was m onitored with a Speedivac quartz crystal system. 
The resonant frequency o f the quartz crystal changed as the titanium  metal
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was deposited . A lso, for a given th ickness, the frequency change is
dependent on the particu lar m aterial being deposited. Consequently, before 
the start o f an evaporation run, the evaporation unit had to be calibrated. 
Several deposition runs were perform ed and the titanium  films deposited on
m onitor glass slides were m easured on a Taylor-Hobson talystep (accuracy of 
± 20 & at maximum sensitivity). Figure 4.4 shows a typical calibration graph 
for titanium  deposition. Also, since the electron beam gun assembly is a 
cosine-type  source, the uniform ity  o f deposited  titan ium  film  could be 
im proved by placing the substrate further from the source. In the system 
used, the substrate was about 35 cm from the titanium target. The limitation
in height was due to the size o f the bell-jar and also the presence of the 
quartz crystal unit.
The 'lif t-o f f  process was employed to rem ove the unwanted titanium. 
The samples were soaked in acetone for about 15 minutes. By this time, the
swelling o f unwanted titanium film on either side o f the regions required for
stripe  w aveguide form ation was v isib le  to the hum an eyes and slight 
agitation o f  the sam ples resulted in the rem oval o f most titanium . The 
samples were then ultrasonically agitated for about 2 m inutes to ensure that 
all rem nants o f unw anted titanium  were rem oved. The sam ples were 
examined under a m icroscope for defects. The most common problem was a 
broken titanium  waveguide pattern. This may have been due to the presence 
o f dust particles prior to titanium  deposition. If the broken lines exceeded 
20% o f all lines present, the titanium  pattern was rem oved in hydrofluoric 
acid (HF). The whole process o f titanium waveguide pattern was repeated as 
b e fo re .
4.2.6 T itan ium  Ind iffusion
The background know ledge for the required amount o f titanium  film 
fo r s ing le -m ode  opera tion  fo r a p a rticu la r  w aveguide w idth and its
Crystal 
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corresponding tim e of d iffusion were taken from experim ental data in the 
thesis of Esdaile [4.12] and McLachlan [4.13]. All the indiffusion of titanium 
into the L iN b0 3  substrates was perform ed at 1000°C in a horizontal tube
furnace with a M organite "Cruslite" heating elem ent controlled by a West 
"V iscount" p ropo rtiona l con tro lle r. The tem pera tu re  feedback  to the 
controller from the furnace was provided by a Pt/Pt - 13% Rh thermocouple.
Using a Pt therm ocouple, the flat hot zone o f the furnace was located. 
Figure 4.5 shows the temperature profile of the diffusion that was used. The 
flat hot zone at 1000°C was estimated to be 30 mm. The reason for the abrupt 
drop in tem perature as shown in Figure 4.5 is that both the ends o f the 
furnace were open. It was found that the tem perature in the flat hot zone 
was contro lled  to w ithin ± 1°C of the tem perature, i.e. 1000° C in this 
experim ental work. The ramp-up time from room tem perature to 1000°C was 
1 hour and the furnace was always allow to cool down from 1000°C to room 
te m p e r a tu r e .
The m ajor problem  that arises with the ind iffusion  o f titanium  in 
L i N b (> 3  (congruent) is that o f ou td iffision  [4.14]. O utdiffusion can be 
described  sim ply as the d issociation  o f I ^ O  from  the L iN b0 3  at high
tem peratures (i.e. 980°C -1050°C ). This produces a constant vapour pressure of 
L i2 0  over the LiNb0 3  sample. Thus in an open diffusion system, where the 
L i 2 0  vapour can drift away, more U 2 O vapour will be produced to maintain a 
constant L i20 vapour pressure over the sample. In so doing, the problem of 
outdiffusion is made worse.
From  Appendix 4.1, it can be seen that the extraordinary refractive 
index o f congruent LiNb0 3  is a function of lithium to niobium ratio. Any loss
of lithium  will result in a higher refractive index; creating a waveguiding 
reg ion  above the L iN b 0 3  substrate [4.14]. For slab T i:L iN b0 3  optical
waveguides, the presence o f an outdiffused layer implied that the number of 
m odes, effective propagation indices and substrate cu t-o ff index could be
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m odified. This change, however, need not seriously affect devices formed. 
In the case of stripe optical waveguides, the presence of an outdiffused layer 
has been shown by various researchers to affect seriously the performance 
o f active devices[4.15]. Examples of these include the increase in cross-talk 
levels m easured in optical Y-junction switches [4.16] and optical directional 
coup ler sw itches.
E sdaile  [4.17] perform ed experim ents to p reven t ou td iffusion  in 
T i:L iN b 0 3  waveguides using a closed chamber diffusion furnace (Figure 4.6). 
In this closed chamber, a small amount (about 0.5 g) o f congruent LiNb0 3
powder was placed in the alumina tube holding the samples. The presence of 
c o n g ru e n t L iN b 0 3  pow der was to provide the equilibrium  1 ^ 0  vapour 
pressure over the samples, thus preventing the loss o f any 1 ^ 0  from the 
L i N b 0  3  surface. This technique was found by the author to suppress 
ou td iffusion  in approxim ately 60% o f phase m odulators fabricated. The 
failure to suppress outdiffusion on 40% of the diffused devices may possibly 
be attributable to occasional leakages in the closed tube setup (Figure 4.6).
F igure 4 .7(a) shows a phase m odulator output with an outdiffused 
layer. The phase m odulator used Y-cut T i:L iN b0 3  waveguide (400 & initial
titanium  thickness, diffused at 1000°C for 6.0 hours in a closed tube diffusion 
unit). A HeNe laser beam (633 nm) propagating along the X-axis of the 
L iN b 0 3  substrate was employed to excite the quasi-TE mode of the waveguide.
W hen the quasi-TM  mode of the waveguide was excited instead, the absence 
o f the guided plane of laser light was evident [Figure 4.7(b)]. This confirmed 
the fact that outdiffusion only affected the extraordinary refractive index of 
the LiNb0 3 .
O ther researchers have also overcome the outdiffusion problem, using a 
variety  o f techniques [4.17-4.24]. The technique dem onstrated by Jackel
[4.22] using flow ing wet argon or oxygen over the sam ples during the 
d iffusion  process seem s to be a sim ple and w idely used m ethod for
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outd iffusion  suppression. The m echanism  here is that the presence of 
hydrogen during the diffusion process reduces the m obility of lithium  and, 
in so doing, hinders its readiness to dissociate from the LiNb0 3  substrate.
T his technique has been successfu lly  em ployed by Andonovic [4.16] to
fabricate Z-cut TiiLiNbOg waveguides.
A fter the diffusion process (with com plete cooling o f the furnace to 
room  te m p e ra tu re ) ,  th e  sam p le s  w ere  u l tr a s o n ic a l ly  c le a n e d  in 
T rich loroethane (for 10 m inutes), M ethanol (for 10 m inutes) and Acetone 
(for 10 minutes). The samples were now ready for electrode formation.
4.2.7 E lectrode Form ation
The form ation o f alum inium  electrodes on the LiNbOg substra tes 
represented the final stage in the production o f all the active devices in the 
clean room. This was accomplished using an Edwards 12E deposition unit, a 
Dage Precim a mask aligner and a suitable 'light-field ' electrode mask. The
use o f this type o f mask facilitated the alignment of the waveguides with the 
electrode pattern. The fabrication of this electrode mask was sim ilar to the 
process described in Section 4.2.2. The only difference was that the pattern
here was photographically reversed from negative to positive.
The cleaned samples were supported by glass slides approximately 20 cm
from the heating coil element. About 10 cm of aluminium wire (99.99% pure
- G oodfellow s M etal) was used for each therm al evaporation run. It was 
found that to ensure excellent adhesion of the aluminium to LiNb0 3 , not only 
had the L iN b0 3  samples to be thoroughly cleaned o f any wax or grease, but 
the pressure in the vacuum chamber should be as low as possible (i.e. 10 '^
Torr). The LT (low tension) was switched on and with the shutter closed, the
cu rren t to the filam ent w ire was increased  slow ly (15 seconds) to 
approximately 30 A. Once the outgassing had stopped, the shutter was opened 
and the current to the heating filament was maintained at around 30 A for 30
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- 45 seconds. This resulted in aluminium film thicknesses of around 1500 - 
2000 £ ,  as measured using the Taylor-Hobson Talystep on the m onitor glass 
slides .
The samples were allowed to cool for 1 to 2 hours. After that, a layer of 
positive photoresist (AZ1350J) was spun on at 4000 rpm for 20 seconds using a 
Dage Precim a standard vacuum sem iconductor wafer spinner. The samples 
were then baked in an oven for 30 seconds at around 85°C.
The accurate X, Y, Z and 0 movements on the Dage Precima mask aligner
facilitated the alignment of the electrode mask with the waveguides. The job 
was made easy by the ridge effect of the titanium indiffused waveguides. A 
x200 sp lit-fie ld  optical m icroscope was used continuously to m onitor the 
com plete alignm ent procedure. An alignm ent accuracy o f about 1 pm  was 
satisfactory since the waveguide width and electrode gap were around 4 pm  
and 6 pm  respectively. This might well not be good enough if the widths and 
gaps were around 2 p m .
Once the alignm ent was com plete, a quartz halogen lamp was used to 
expose the photoresist for 20 seconds. Development of the photoresist was 
perform ed using a Shipley AZ developer diluted to 1:1 with deionised water. 
U nw anted alum inium  was etched away using phosphoric based alum inium  
etch. The situation here was monitored with extreme care to ensure that no 
over-etch ing  occurred. The sam ples were thoroughly  rinsed in flow ing 
deionised water for 5 minutes. After inspection o f the electrode pattern, if 
found to be satisfactory, the samples were ready for edge polishing. If the 
pattern was not right, the full process was repeated. Figure 4.8 shows a 
com pleted active T i:LiN b0 3  device substrate.
4 ,2,8.—i nd P o lish ing
The end-fire coupling technique [4.25] was employed in preference to 
the prism -coupling m ethod [4.26] to test the active T i:L iN b0 3  devices. The
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m ain reason for doing so was that it was much more convenient since the
devices were about 10 mm long and the electrode pattern could be of the same
length. In addition it is more efficient to end-fire couple the laser beam into 
the stripe w aveguides. Both techniques o f coupling laser light into an
optical waveguide are discussed in detail in Chapter 5.
The particular method of end polishing Ti:LiN b0 3  devices used was first
developed at the University of Glasgow [4.27]. The samples to be polished 
were waxed on a brass plate with dental wax and both the ends were cut as
close as possible to the waveguides, typically within about 0.5-1.0 mm, using a 
diamond saw. The sample was mounted on a Pyrex rod using Shellac since 
th is m aterial was found to be resistant to undercutting by the cleaning
agents used and by Syton (used in the final polishing stage). The Shellac
between the substrate and the Pyrex rod had to be as thin as possible. This 
was to reduce the chipping problem often experienced which could lead to 
longer times being needed for the end polishing of the substrate.
A jig  developed by Piechowiak and Doughty [4.27] was used to hold up to 
six LiNb0 3  samples (i.e. with Pyrex rods) (Figure 4.9). A clock gauge was used
to level all the samples and holders. The jig  was then placed in a Logitech
PM2 polishing machine where the samples were roughed down on a brass or 
cast iron plate using a mixture of water and 800 grit (12.5 p.m) alum inium  
oxide (Aloxite) powder. The polishing was stopped once a good edge (i.e. an 
edge with no large or broken chips due to the diamond saw) could be seen 
using an optical microscope at x 100 magnification. This usually took 1/2 to 1 
h o u r .
A fter the jig  and the samples were cleaned o f all the Aloxite, semi­
polishing was performed on a solder top plate using diamond paste o f 6 |im  
grit size. This interm ediate polishing step, which lasted for about 1 hour, 
could possibly be left out. The reason for this intermediate step was to ensure
Figure 4.8 Photograph Of Completed Phase 
Modulators On A Y-Cut L iN b03 
Substrate
Figure 4.9 Photograph Of A Polishing Jig With 
Six L iN b03 Samples (Using Pyrex 
Rods)
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that all remaining chippages due to the dicing of the LiNb0 3  were completely 
re m o v e d .
The jig  and the samples were cleaned thoroughly before the final and
longest (5-15 hours) polishing stage was started. A bowl type plate was used 
with an expanded polyurethane base into which Syton W15 (a colloidal silica)
was poured. This stage was considered to be finished if, on inspection (at
x400 m agnification), a sharp well defined edge, free of chips, was achieved.
The sam ples were rem oved from the Pyrex holders by heating on a
ho tp la te . Any excess Shellac could be rem oved com pletely  by using
m ethanol. Extrem e care must be taken during the full polishing process so
that no cross-contam inations and therm al shock could be experienced by the 
L iN b 0 3  devices. This could lead to longer polishing times and broken samples
re s p e c t iv e ly .
4.2.9 M ounting the Sam ples
A fter polishing, the T i:L iN b0 3  devices were then tested optically by the 
end-fire  technique for the num ber o f guided m odes and to ensure the
problem of outdiffusion had been suppressed. To test all the five devices on 
the same substrate, a convenient way of mounting the device is that outlined 
b e lo w :-
( i )  S ince L iN b 0 3  is fragile (especially 0.5 mm thick samples); the sample
was first supported on rectangular glass pieces cut from an ordinary Chance 
laboratory glass slide. The rectangular glass substrates had to be slightly
sm aller than the actual Ti:LiNb0 3  phase m odulator device.
( i i )  The glass substrate (together with the active device) was then mounted
on a printed circuit board with 10 defined copper tracks.
1 1 0
( i i i )  F inally , gold w ires were bonded from the electrodes to the copper 
t r a c k s .
Figure 4.10 shows an actual m ounted, bonded active device ready for 
serrodyne m odulation studies.
4.2.10 Summary on the Fabrication of Ti:LiNbQ3 Active Devices
Figure 4.11 summarises schem atically the full fabrication stages of a Y- 
cu t T i:L iN b 0 3  phase m odulator. Throughout the fabrica tion  procedure,
extrem e care was taken to ensure cleanliness of the h ighest quality  was
maintained. Failure to do so resulted in the failure of a particular fabrication 
stage. This m eant a waste o f processing effort and m aterial and chemical 
w a s ta g e .
The production o f straight lines with m inim al irregularity , deposition 
o f a required titanium  thickness and control o f the d iffusion tem perature 
m eant that optical waveguides with the required num ber of m odes (in this
work norm ally only the single, fundam ental, m ode) and low losses were 
fabricated with ease. The m ounting procedure outlined in the last section 
provided  a cheap, quick and sim ple way o f testing  the active devices
f a b r i ca t ed .
The overall production time required for an active Ti:LiNb0 3  device was 
approxim ately five full working days. This time does not include the end
polishing o f the sample. Comparison of the fabrication of active devices by 
titanium  indiffusion and proton-exchange is made in Section 4.4.
Figure 4.10 Photograph Of A Mounted And Bonded 
Phase Modulator Device (Ready To 
Be Tested)
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4x2 F a b r ic a tio n ,o f  Proton-Exchanged LiNbQ3 Slab. Stripe, and
Active Devices
4 .3 . 1 Proton-Exchanee Technique for LiNbQ3 W aveguide
Fabrication - a Review
4.3.1.1 I n tr o d u c t io n
In th is section , a review  o f the p ro ton -exchange  techn ique for 
waveguide and device realisation in LiN b0 3  will be given. Various problems
in the waveguides and devices fabricated by this method will be highlighted. 
The equipm ent and the fabrication techniques that were em ployed in this 
project to fabricate proton-exchanged (PE) waveguides and electro-optic PE
phase m odulators are described in detail.
4.3.1.2 W hat is the Proton Exchange Technique?
The pro ton  exchange m ethod was o rig inally  used as a m eans of 
preparing new cubic perovskites from LiNbOg and LiTa0 3  [4.28, 4.29]. It was
realised that the technique could be employed to form optical waveguides in 
such m aterials, and this has subsequently been carried out in X- [4.30, 4.31], 
Y- [4.32, 4.33, 4.34], and Z- [4.35, 4.36] cut LiNb03 and X- [4.37-4.44] and Z-cut 
[4.43, 4.44] LiTa0 3 , using molten benzoic acid as the protonic source.
The main advantage of the process is that fabrication o f waveguides is 
quick and simple. The tem perature required for the waveguide formation is 
low, betw een 160°C and 249°C [4.31]. The end result is a waveguide with a 
high index change of 0.12 (i.e. An= 0.12). However, the refractive index
change is not iso trop ic  as only the ex traord inary  refrac tive  index is 
increased. There is a sign ificant but sm aller decrease in the ordinary 
refractive index [4.45]. This implies that only TE-modes are guided in proton- 
exchanged (PE) X- and Y-cut LiNb0 3  and TM -modes in PE Z-cut LiNb0 3 -
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Sim ilarly, for LiTaOg, only the TE-modes and the TM-modes are supported in 
the X- and Z-cut o f this material respectively.
A no ther im p o rtan t advan tage  o f p ro to n -ex ch an g e  w aveguides in 
L iN b 0 3  and more recently in LiTa0 3  is that they have been found to be more
resistan t to optical dam age [4.46-4.48] than titan ium -diffused  waveguides. 
This will potentially be useful for satisfying a num ber of integrated optical 
component requirem ents at 830 nm [4.49].
The effects o f optical waveguides formed in lithium -rich benzoic acid 
m elts [4.50, 4.51, 4.52] and using titanium  indiffusion followed by PE in 
L iN b 0 3  [4.45, 4.53-4.56] in relation to the refractive index change and the
refractive index profile have been studied. Also, recently, phosphoric acid 
has been employed to form optical waveguides with a An value of 0.15. [4.57, 
4.58] The annealing o f the PE waveguides has shown that the refractive 
index profile of the optical waveguide can be m odified from an almost step- 
index profile to a graded-index profile [4.50, 4.59, 4.60]. The modification is 
dependent upon the annealing tim e, tem perature, and atm osphere in which 
the process is carried out [4.61].
4.3.1.3 M echanisms of the Process . Structural and Optical 
C h a ra c te r iz a t io n
The proton-exchange process in LiNb0 3  can be described broadly as the 
depletion of lithium  and the replacem ent o f hydrogen in the crystal. This 
occurs when the substrate is immersed in a protonic source, i.e., an acid (e.g. 
benzoic acid, palm itic acid, stearic acid, cinnam ic acid, and m ixtures) or a 
hydrate m elt [e.g. M g(N 0 3 ) 2 - 6 H 2 O] , at the appropriate tem perature. The
exchange process can be complete, i.e. with all the lithium replaced [4.29], or 
it can be partial, depending on the acidity of the medium. However the effect 
o f 'acidity ' has by no means yet been fully and properly investigated. For 
optical waveguide fabrication, only partial exchange is o f interest since total
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exchange w ill cause the L iN b 0 3  crystal to change from its hexagonal
structure to a cubic perovskite. This volum e change will result in the 
su rface o f the LiNbOg crystal to cracking. H ow ever, to ta lly  proton-
exchanged layers cannot be obtained on large area LiNbC>3 single crystal 
su b s tra te s  b ecau se  the enorm ous s tre ss  in tro d u c ed  by th is  phase 
transform ation does not allow any epitaxial adhesion of the new HNb0 3  phase 
on the substrate.
It has been established by some reasearchers that for the proton- 
exchange process to be useful for optical waveguide form ation, the general
composition o f the exchanged regions is (HxLi j_x)N b 0 3  with 0.8 > x > 0. One
of the most commonly used protonic sources for partial exchange is benzoic 
acid [4.30] or diluted benzoic acid (d ilu tion achieved by introducing an
appropriate amount o f lithium  benzoate) [4.50-4.52]. In general the overall 
reaction between benzoic acid and LiNb0 3  can be described by Equation 4.1:
LiNb03 + (C6H5COOH)x < ------- > L i1.xH xNb03 + (C6H5COOLi)x ( 4 .1 )
Several im portant problem s (to be described in Section 4.3.1.6) have 
been found in optical w aveguides and devices realised in LiNb0 3  by the
p ro to n -e x ch a n g e  tech n iq u e . It is th e re fo re  im p o rtan t th a t a full
understanding of the underlying m aterials science be carried out. Several 
researchers have em ployed R utherford  backscattering  spectrom etry  (RBS), 
nu c lea r reac tions , secondary  ion m ass spectrom etry , scann ing  electron  
m icroscopy, and X-ray d iffraction  (by double crysta l and topograph) to
identify  the structure, the thickness and the strain  in the lattice o f the
exchanged layers [4.62, 4.63, 4.64, 4.65, 4.66]. The results from the above 
analytical study can be summarized below:-
( a )  There was close agreem ent betw een op tica l w aveguide th icknesses
estim ated from prism  coupling m easurem ents and estim ates from resonant
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nuclear interactions and RBS [4.62] From all the three measurements, it was 
found that the refractive index profile  is s tep-like .fo r w aveguides formed 
w ithout annealing and
( b )  The results from the X-ray diffractom etry study indicated that the PE 
regions had undergone a positive lattice strain. For PE Z-cut LiNbC>3 crystals
it was found that the strain was Ac/c= 0.45% (with A a/a being neglig ible) 
[4.62]. However researchers have also found that the extent of the lattice 
strain is also dependent on the LiNbC>3 substrate orientation [4.62].
R ecent work reported  by Loni et al em ploying  hydrogen-iso topic
effects in proton-exchanged and deuterium -exchanged L iN b0 3  may prove to
be useful as an investigational tool in the understanding  o f the proton 
exchange process, in term s o f the changes in the crystal stoichiom etry,
w aveguide stab ility , and ionic conduction  effec ts on acousto-optic  and 
electro-optic device performance [4.68, 4.69, 4.70, 4.71].
The experim ental characterization o f the optical w aveguides fabricated 
by concentrated and dilute m elt m olten benzoic acid m elt in X- and Z-cut 
L iN b 0 3  in this study will be measured by optical methods (in particular using
the prism  coupling  and the end-fire  coup ling  techn iques). The full 
experim ental procedures and analysis o f the results are presented in Chapter 
5.
4.3.1.4 Passive and Active Integrated Optical Devices
The high refractive index change that can be achieved with PE in 
L iN b 0 3  suggests that this m ethod can be used to realise high performance
passive structures such as gratings and lens o f various types. A 3 pm  period 
grating with approxim ately 90% deflection efficiency was fabricated in X-cut 
L iN b 0 3  by Pun et al [4.72]. This was then followed by a demonstration o f a
chirp grating lens by W arren et al [4.73]. Yu [4.74] dem onstrated planar 
equivalents o f aspheric bulk lens structures.
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The use o f PE regions as passive polarizing elem ents in conjunction
with titanium -indiffused stripe waveguides has been dem onstrated [4.75, 4.76,
4.77]. In these devices, both the TE and the TM modes are supported in the 
T i:L iN b C >3 stripe waveguides. The PE insets however only support the TE or 
the TM  m odes, depending on the crystal cut used. High perform ance 
po larizers using appropriate lengths of PE inset have been dem onstrated 
with TE/TM  mode rejection ratios of as high as 50 dB and low optical excess 
insertion losses of the order of 1 dB [4.77, 4.78]. This result is better than 
results for the m etal overlay/resonance absorption m ethod [4.79]. In the 
la tte r polarizers, the ultim ate device perform ance is very much dependent 
on the control o f the thickness of the deposited dielectric layer between the
m etal overlay and the waveguide. Accurate control o f this layer can be 
d ifficu lt and hence this type o f po larizer is hard to realise with good
repeatab le  perform ances. By tapering  the overlay  d ielectric  layer it is
possible to realise a high perform ance polariser.
O ther passive structures dem onstrated to date include ring-resonators 
with a finesse of 6 [4.80, 4.81], and an interferom etric tem perature sensor in 
Z -cu t L iN b 0 3 . In the latter structure, the large change in refractive index
was used to realise low -loss w aveguide bends and hence enable a large
in terferom eter arm length d ifference to be realised in a com pact structure 
[4.82]. This im plies that highly sensitive tem perature sensing applications 
can be accom plished, in this case, in Z-cut L iN b0 3  and could be digitised
using several structures with d ifferen t pathlength differences.
The use o f PE optical w aveguides in L iN b 0 3  in non-linear optical
in te rac tions such as second harm onic generation  (SHG ) has also been 
dem onstrated by a number of workers. SHG has been observed as a guided 
wave in LiNb0 3  waveguide at Nd:YAG laser wavelength, i.e. 1060 nm [4.83,
4.84]. Lim and co-w orkers recently  reported  on the second harm onic
generation o f blue and green light in periodically-poled titanium  indiffused
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and PE planar LiNb0 3  waveguides [4.85]. However, for the GaAs laser diode 
wavelength, i.e. 830 nm, phase m atching to guided waves was not possible 
(e.g. w ithout em ploying a periodic phase-m atching strucuture) but it was 
possible to radiate plane waves into the LiNb0 3  substrate. This type of SHG
radiation was observed in the form of Cerenkov radiation and in this case 
both the fundam ental optical wave and the second harm onic wave were 
extraord inary  waves [4.58, 4.86, 4.87]. The nonlinear coupling here is 
obtained via the nonlinear coefficient d 3 3 , which is the largest in the case of 
L iN b03.
E lectro -op tic  and acousto-optic  devices have been dem onstrated  by 
various researchers [4 .88-4 .93]. T he ir resu lts  ind ica ted  varia tions in 
perform ance, with some indicating perform ance com parable with T i:L iN b0 3
counterparts [4.88, 4 .89, 4.91, 4.92] w hile others reported reductions in 
electro-optic [4.90, 4.93] and acousto-optic interaction strength of as much as 
three tim es.
In C hapter 6, experim ents involv ing  elec tro -op tic  phase m odulators 
fab rica ted  by titan ium -ind iffu sion  and p ro ton-exchange are described in 
detail. It has been shown in those experim ents that optical frequency 
translators made by PE had sim ilar perform ance to T i:L iN b0 3  frequency
translators [4.88, 4.89]. However, the PE devices were found to be sensitive to 
non-zero d.c. voltage levels [4.89]. Work by Becker [4.90] on PE and titanium- 
indiffused M ach-Zehnder interferom eters at 830 nm and 1300 nm concluded 
that the electro-optic activity was reduced by at least a factor of 2.7 in the 
case o f the PE M ach-Zehnder interferom eter devices. In contrast, work by 
W ong et al [4.91] on dilute melt PE MZI in X-cut LiNb0 3  indicated that the
electro-optic  efficiency is preserved. W ork by M inakata and co-w orkers 
showed that the r33 electro-optic constant values in their PE Z-cut LiNb0 3
phase m odulators were reduced to one-tenth  o f published r33 values for 
virgin crystals [4.93].
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The use of PE X-, Y-, 128° rotated Y-, and Z-cut LiNbOg w aveguides in 
acousto-optic (AO) devices has been investigated by a num ber of researchers
[4.61, 4.94-4.104]. The general conclusions from all these were that there was
a m easured reduction in AO interaction efficiency, an increase in acoustic 
wave propagation losses, and substantial changes in the surface acoustic 
wave velocity . For exam ple, Dawar and co-w orkers dem onstrated that in 
reducing the in-plane scattering levels of the PE Y-cut LiNb0 3  waveguides, a
drastic reduction in AO interaction efficiency was observed [4.61]. Recently, 
Burnett et al obtained SAW velocity values for X-, Y-, and Z-cut dilute melt PE 
regions in LiNbOg using scanning acoustic m icroscopy. R esults obtained
showed a substantial variation in their m easured SAW velocity values with 
respect to the orientation o f L iN b0 3  crystal used. Also another interesting
result is that decreases in the propagation velocity were accom panied by an 
increase in the attenuation [4.105].
4.3.1.5 Problem s with the Proton-Exchange Process for Optical 
W aveguide Form ation
From the discussions in the two previous sections, it is evident that some 
im portant problem s have been identified in PE waveguides fabricated using
pure benzoic acid melts. The problems include:-
( a )  The m easured effective mode indices on a day-to-day basis reveal an 
oscillatory [4.106] and in some reports a general reduction in values [4.31]. 
This im plies that the refractive index profile of the PE LiNb0 3  w aveguides
evolves with tim e after fabrication. Researchers have attributed these short
and long term  refrac tive  index in stab ilities  to con tinuous m igration  of
protons within the thickness o f the waveguiding layer [4.107], relaxation of 
the m etastab le  structure  (Hx L i l  _x N b O 3 ), and possibly a phase separated
surface layer caused by dehydration of the PE regions.
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( b )  In e le c tro -o p tic  d ev ices  (phase  m o d u la to rs  and M ach -Z ehnder
interferom eters) it was found that the electro-optic activity was reduced in 
m ost device dem onstrations [4.90], Evidence exists where the r ^  electro­
optic coeffic ien t o f LiNbO^ was found to be 10 times sm aller in proton-
exchange devices when com pared to titanium -indiffused devices. However 
successfu l dem onstrations o f proton-exchange optical frequency translators 
w ith no m easured reduction in e lectro-optic  activ ity  have been reported
[4.88, 4.91]. The devices formed by pure PE however were sensitive to non­
zero d.c. voltages [4.89]. On the other hand M ach-Zehnder interferom eters
form ed by d ilu te  m elt PE w ere found to p reserve  the e lec tro -op tic  
coefficients and were not sensitive to dc voltages [4.91]. The details of the
latter two experiments are reported in detail in Chapter 5 and 6 of this thesis.
( c )  AO devices in proton-exchange w aveguides have also been found to 
have reduced in teraction  efficiency . V ariations in SAW velocities and 
increase in acoustic wave attenuations have been reported [4.105].
The body of evidence on the above problem s associated  with PE
waveguides and devices is still far from complete or completely satisfactory.
4.3.1.6 Summary on the Proton-Exchange M ethod of Optical 
W aveguide Formation in LiNbQ3
PE optical waveguides in X-, Y-, and Z-cut LiNbC>3 have been extensively 
characterized by optical techniques. A number of problems have been found 
to be associated with PE waveguides and devices, such as index instability, d.c. 
ex tinction  effects, reduced electro-optic  activ ity  and reduced acousto-optic 
in teraction  efficiency. M aterials analysis techniques such as RBS, X-ray 
d iffra c to m e try , scann ing  & tran sm issio n  e lec tro n  m icro scopy , acoustic  
m icroscopy, SIMS, infra-red aborption (IRA), atomic absorption spectroscopy 
(A A S), and nuclear in terac tions provide a valuable  basic understanding 
which should greatly assist in attaining ultim ate objective o f stable, high-
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perform ance devices in L iN b0 3  realised by the proton-exchange process. It
is clear that by em ploying all the above techniques, a better understanding 
o f the structure o f the PE regions will be known. This understanding can, in 
turn be used to help in the fabrication of low-loss (i.e. both in-plane and out- 
of-plane scatter losses) and efficient AO and EO devices in a repeatable
m a n n e r .
It is the partial aim of this thesis to provide possible solutions to the
problem  of im proving elec tro -op tic  device perform ance. In addition, a
significant improvement in the optical quality o f PE waveguides in X- and Z-
cut L iN b0 3  has been demonstrated. The key for all these improvements is the
fabrication of PE devices by dilute m elt m olten benzoic acid, the dilutant 
being lithium benzoate. The study for this work will be reported in Chapters
5 and 6 o f this thesis. It is also noted that the process of annealing can be
used in conjunction with the dilute m elt proton-exchange process to realise 
optical waveguides and devices with specific properties.
4.3.2 A pparatus used for Proton-Exchange Experim ents
The precise control of the set tem perature of the m olten benzoic acid
(concen tra ted  or d ilu ted  w ith lithium  benzoate) is very crucial in the
repeatable realisation of PE waveguides and devices. A num ber o f options
exist in the choice of a heating system. They include:-
( a )  Precision, oil-filled , and stirred therm ostatic baths,
( b )  H orizontal or vertical type high tem perature furnaces,
( c )  Hot plates, and
(d )  F luidised alum ina powder heating units.
After evaluation o f the various options in terms o f accuracy, cost, size, and
ease o f placing and operation in a fume hood, it was decided that option (a)
was the most versatile (at least for application to proton-exchange).
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Figure 4.12 shows an illustration o f a Grant high tem perature precision 
stirred  therm osta tic  bath that was purchased and used in all the PE 
experim ents described in this thesis. The crucial factor is the choice o f the 
high tem perature oil and this was Dow Corning 550 fluid which is rated for 
safe operation at tem peratures up to 300°C. The Grant HE 10 bath has a 
specified range of operation range from 0 to 300°C and a tem perature control 
accuracy o f ± 1 .0°C  when used with above m entioned high tem perature oil.
The next step was to make an accessory plate just above the oil bath 
which would be capable of simultaneously holding four 250 ml stainless steel 
beakers. The purpose of this was to be able to fabricate PE waveguides in 
several different cuts o f L iN b0 3  simultaneously. Figure 4.13 shows a detail
schematic of the actual oil bath used in the PE waveguide study. Due to the 
irritating nature of the benzoic acid fumes, the PE oil bath was located in a 
fume hood. In addition, a precision scale (accurate to ± 0.001 gram) was used 
to weigh the lith ium  benzoate that was needed for the d ilu te-m elt PE 
e x p e r im e n ts .
The sam ples were m ounted on PTFE holders (Figure 4.14) and the 
tem pera tu re  o f the m olten  benzoic  acid was m onito red  by a d ig ital 
therm om eter with a chrom el-alum inel therm ocouple. The accuracy of the 
therm ometer was ± 1.0°C.
As a final remark, it should be noted that other researchers have used 
sealed ampoules to carry out the PE process. In all the reported PE work in 
this thesis, the sealed ampoule approach was not used, since it can be time 
consum ing and require additional equipm ent. The w aveguides fabricated 
were found to be reproducible and no contam ination problem s were evident.
H E 10
Figure 4.12 Photograph Of The Oil Bath Used For All 
The PE Experiments (Courtesy Of 
Grant Instruments, U.K.)
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Drain Holes
P.T.F.E. Discs 
Sliding on 
Glass Rods
Grooves to 
Locate Substrates
PTFE Holder Used To Secure LiNb03 
Substrates In The Molten Benzoic 
Acid Bath
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4.3,3 Slab W aveguides, Stripe W aveguides, and Active Device Fabrication
4.3.3.1 I n tr o d u c t io n
The aim of this section is to describe the fabrication procedures used to 
realise the PE (dilute and concentrated benzoic acid m elt) waveguides and 
devices reported throughout this thesis. All optical m easurem ents and device 
perform ances are described in Chapters 5 and 6 respectively.
4.3.3.2 Fabrication o f PE Slab Optical W aveguides 
bv Using Concentrated Benzoic Acid Melts
AnalaR benzoic acid was used in all the PE experiments described in this
thesis. The main reasons for the choice of benzoic acid are that it is cheap,
non-poisonous, and has useful m elting (122°C) and boiling points (2 4 9 °C ) 
[4.109].
X-, Y- and Z-cut LiNbC^ substrates were cleaned ultrasonically  and 
degreased thoroughly , as described in Section 4.2 o f th is chapter. The 
cleaned samples were then mounted in PTFE holders before being placed in 
approximately 230 ml o f molten benzoic acid in a stainless steel beaker placed 
in the high tem perature oil bath.
A num ber o f Y-cut LiNb0 3  substrates were proton-exchanged in molten
benzoic acid for 0.25 to 0.5 hour at 180°C. The result for all the PE Y-cut
substrates was the formation of 'cracked' surfaces (Figure 4.15). This is due 
to the enorm ous strain associated with the PE process for this cut of the 
crystal. In view of this, no optical waveguide studies were carried out in Y- 
cut LiNbC>3 .
X -cut L iN b 0 3  was the main cut used in the PE waveguide device work 
described in this thesis and a detailed optical waveguide study was therefore 
carried out using this particular cut. However, slab waveguide studies of Z- 
cut LiNbC>3 were also performed to compare and contrast optical waveguide
Figure 4.15(a) Photomicrograph Of The Surface Of 
A Y-Cut PE LiNb0 3  Substrate 
(0.25 Hour, At 180°C, Mag. X 200)
Figure 4.15(b) Photomicrograph Of The Surface Of 
A Y-Cut PE LiNb0 3  Substrate 
(0.5 Hour, At 180°C, Mag. X 200)
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characteristics, such as diffusion coefficients and propagation losses. This
m ade it possib le to identify if there were m ajor differences between PE
w aveguides in X- and Z-cut LiNbC>3 so as to use the appropriate cut for a
p articu la r device application .
P rio r to th is, all necessary  steps were taken to ensure that the 
tem p era tu re  o f  the m olten  benzo ic  acid bath  had s tab ilized  at the
predeterm ined tem perature o f exchange and thus to ensure that the results
were valid and repeatable. In general it was found that the measured oil 
tem perature value was about 5°C to 10°C higher than that measured in the
benzoic acid beaker. In addition, it was necessary to allow the temperature of
the benzoic acid beaker to stabilize to its preset value after the sample(s) and
the holder were introduced into it. It was found that for m ost o f the PE 
experiments an additional time of 10 to 15 minutes needed to be added to all 
the exchange tim es. Samples have to be pre-heated in an oven for the 
fab rica tion  o f single-m ode PE stripe optical w aveguides since relatively 
short exchange tim es are required, i.e. in some cases 5-10 m inutes. The 
tem pera tu re  o f the benzoic  acid beaker was m onito red  by a d ig ital
therm om eter in all the PE waveguide fabrication experim ents. (N o te : The 
close m onitoring o f the tem perature of the benzoic acid beaker is one of the
m ost im portant steps in the successful realisation o f repeatable PE passive 
and active devices in LiNbC>3 substrates)
S tain less steel beakers were used to ensure that excellen t therm al
contact betw een the benzoic acid and the high tem perature oil could be
achieved. The volume of the m olten benzoic acid in the beaker was large 
enough to provide an effectively infinite source for PE. The beaker was also 
covered loosely to reduce the loss o f benzoic acid and to provide a stable 
tem perature environm ent. G enerally , the benzoic acid was renew ed after 
ten runs.
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The preset exchange tem peratures range betw een 160°C and 220°C. As 
explained earlier, the total exchange time was the time the sample was in the 
m elt plus 10 m inutes or 15 m inutes depending on the num ber o f samples in 
the benzoic acid melt. After the PE process and after the sample had cooled to 
room  tem peratu re , any rem aining c rysta llized  benzoic acid was removed 
using m ethanol. The samples were then cleaned in trichloroethylene. This 
was to ensure that any oil deposited during the process of rem oving the 
samples from the acid melt would be removed. The samples were then stored 
in a clean container and the slab waveguides were allowed to relax over a 
period o f a few weeks before any optical waveguide characterization was 
carried  out.
The PE X -cut LiNbC>3 process in m olten benzoic acid leads to the 
form ation o f hydroxyl groups in the crystal lattice. The form ation of these 
hydroxyl groups can be m onitored by infrared (IR) spectroscopy in the OH- 
stretching region. Figure 4.16 shows a typical IR transm ission spectrum 
from a virgin X-cut LiNbC>3 sample. It is well known from the literature that 
this peak is due to residual water in the LiNbC>3 crystal and is polarised
perpendicular to the crystal axis [4.109]. Figure 4.17 shows the IR spectrum 
of a PE X-cut LiNbC>3 sample treated with benzoic acid at 180°C for two hours.
Recent results by Loni et al [4.68-4.70] have confirm ed that the lithium
concentration (determ ined by AAS) present in m olten benzoic acid after the 
PE reaction with Z-cut L iN b 0 3 samples are in satisfactory agreement with
estim ates o f hydrogen concentrations in the PE waveguide layer. Therefore 
it is very reasonable to m onitor the extent o f the PE process by monitoring 
the area under the OH peaks.
The spectra indicate that in the reaction at least two new OH groups are 
form ed, which d iffer in their hydrogen bonding environm ent. The spectra 
of samples treated with benzoic acid show a large peak at 3506 cm *, polarised 
perpendicular to the crystal axis and of much greater intensity than the
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Figure 4.16 A Typical IR Transmission Spectrum 
From A Virgin X-Cut LiNb03 Sample
20 -
Figure 4.17 IR Spectrum Of The PE X-Cut LiNb03 
Sample (2 Hours, 180°C)
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original residual OH peak. This peak is asymmetric, and may arise from more 
than one type o f OH group. A second peak, much weaker and broader than 
the peak at 3506 c m '1, is observed at about 3280 c m '1, and is unpolarised. Its 
position suggests that it is due to OH groups which participate in extensive 
hydrogen bonding. The spectra obtained appear to be very sim ilar to those 
obtained from X -cut L iN b0 3  treated with a hydrate melt and nitric acid. In
the latter work, the peak was attributed to the form ation o f a secondary 
phase, possibly cubic HNb0 3  [4.28].
P lanar optical waveguides in X-cut LiN b0 3  were then formed in molten 
AnalaR benzoic acid with melt temperatures ranging from 160°C to 210°C and
with exchange times ranging from 15 minutes to 7.0 hours. In the case of PE 
Z -cu t LiNbC>3 , w aveguides were fabricated  in m elt tem peratures ranging
from 160°C to 220°C, with exchange times varying from 15 m inutes to 5.0 
hours (N o te : The tem perature quoted for all PE exchanges is the temperature 
o f the m olten  benzoic acid m elts.). The w aveguides were evaluated 
im m ediately after they were fabricated to ensure that any changes in the 
effective refractive index values were noted. W aveguide m easurem ents were 
carried out over a period of months until there were no detectable variations 
in the m easured effec tive  refrac tive  index values w ith in  the range of 
m easurem ent accuracy. The results of these m easurem ents are presented in 
Section 5.6 of Chapter 5.
4.3.3.3 Fabrication of PE Slab Optical W aveguides bv using Diluted 
Benzoic Acid Melts
A m ajor reason for using the dilu te m elt p ro ton-exchange (DMPE) 
process is to slow the exchange process, but it has also been found to give 
m easurable im provem ents in the quality  o f the optical w aveguide formed. 
Im provem ents such as low er propagation  losses, low er in -p lane scatter 
values, better control in realising  single-m oded stripe optical waveguides
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and m ore reproducible electro-optic devices have been achieved. Results 
showing these improvements are fully described in Chapters 5 and 6.
Two factors that affect the overall rate o f the PE process are:-
( a )  The concentration o f solvated protons available at the LiNbC>3 surface,
a n d
( b )  The outdiffusion rate o f lithium ions.
In all the DMPE experim ents, extra lithium  ions were introduced into 
the protonic source. The diluted solutions used in all the experiments were
prepared by m ixing AnalaR lithium  benzoate with AnalaR benzoic acid , in 
proportions defined by Equation 4.2.
X d = (Mole of Lithium Benzoate)/(Mole of Benzoic Acid) * 100% ( 4 .2 )
where Xd was chosen to be either 0.5 or 1.0 for all the DMPE experiments of
this thesis. Here, by defination, Mole o f X = (Weight o f X)/(M olecular Weight 
o f X). The exchange process between the diluted benzoic acid and X- and Z- 
cu t LiNbC>3 was carried out mostly at a tem perature o f 235°C, with some
w aveguides being fabricated at 245°C. It is noted that the melt dilution just
described above involves small percentages of added lithium  benzoate which 
is quite different to the melt dilution for sodium /silver ion exchange process 
where mostly sodium nitrate is used [4.110].
The m echanism  o f the DM PE process was m on ito red  using IR 
spectroscopy. It was established that the exchange process can be monitored 
by m easuring the increase in the form ation o f hydroxyl groups in the 
crystal lattice using IR spectroscopy. F igure 4.18(a) illustrates a typical 
in frared  transm ission  spectrum  from  a v irg in  X -cut sam ple. Both the 
tra n sm iss io n  faces  have  been  o p tic a lly  p o lish e d  to fa c ili ta te  the 
m easurem ents. Again it can be seen that there is residual water in the
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crystal. Figure 4.18(b) is the IR spectrum of a dilute melt (1.0%) PE sample on 
the same piece of X-cut LiNb0 3  sample.
4.3.3.4 Realisation of Active PE Devices
The two electro-optic waveguide devices realised for the work of this 
thesis were phase m odulators and M ach-Zehnder Interferom eters. Both the 
phase m odulators and the M ach-Zehnder interferom eters were fabricated on 
X -cu t LiNbC>3 sustrates. The substrate preparation has been described in
Section  4 .2 .3 . H ow ever, the phase m odu la to r and the M ach-Zehnder 
in te rfe ro m ete r were fabrica ted  by using concen tra ted  benzoic acid and 
diluted benzoic acid (diluted with lithium  benzoate) respectively.
The PE phase m odulator were operated as serrodyne optical frequency 
translators and their performance was then compared with that o f Ti:LiNbC>3
counterparts and the results o f this com parison are described in Chapter 6. 
On the other hand, the M ach-Zehnder interferom eter were used in the study 
o f the electro-optic activity o f waveguides formed by DMPE and the results of 
this study are reported in Chapter 5.
The fabrication o f PE electro-optic devices (phase m odulator and Mach- 
Zehnder interferom eter) can be divided into the follow ing steps.
( a )  O rig inal m ask-m aking :-
The mask set used to realise Ti:LiNb0 3  phase modulators was also used to
realise  PE phase m odulators. The M ach-Zehnder in terferom eter m ask set 
used for this study was generated by GEC Research, H irst Research Centre
[4.111], In the latter case the devices were designed to operate at 830 nm
[4.112].
( b )  S u b stra te  p rep a ra tio n :-
The procedure used here is the same as those described in Section 4.2.3.
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( c )  D iffusion w aveguide mask pattern preparation:-
This part o f the process is different from that used to realise Ti:LiNb0 3
devices. For stripe optical waveguide form ation by proton-exchange, a thin 
layer o f aluminium (about 1000 & to 1500 &) was deposited on the crystal 
substrate . Next the waveguide pattern  was defined by photolithographic 
techniques using Shipley AZ1350J. The pattern was checked, and if found to 
be free of defects, the substrate was then immersed into an aluminium etch 
(phosphoric acid). After the appropriate etching time (about 5 minutes), the 
sam ple with the etched w aveguide alum inium  pattern  was checked. The 
linew id ths o f the w aveguide pattern  were checked against a calibrated  
graticule under an optical m icroscope to ensure that they were sim ilar to 
those found on the original waveguide mask. This is extrem ely important 
since, for exam ple one m icron in w aveguide w idth varia tion  can have 
significant effects on the modal properties o f the waveguides and the overall 
perform ance o f active devices (Chapter 6).
(d )  PE waveguide form ation:-
The next step was to perform proton-exchange on the devices. For the
phase m odulator, concentrated benzoic acid was used. In the case of the 
M ach-Zehnder interferom eter devices, diluted benzoic acid m elts were used 
( 1 %  dilution). The choice of this dilution was based on the results o f the
DMPE slab waveguide study. The study indicated that the speed o f waveguide 
form ation was slowed to a speed where control of the modal properties o f the 
stripe  w aveguides was acceptable; typically  exchange tim es o f 20 to 45 
m inutes. In both cases, the aluminium mask acted as an effective diffusion 
b arrier for the proton-exchange process.
( e )  E lectrode  fab rica tion :-
For the phase m odulator, the alum inium  m asking layer used for 
waveguide defination could also be used for electrode fabrication. Therefore
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it was very crucial that care should be taken in handling the alum inized
sample before, during and after the PE-process. The rest of the fabrication
procedures for the electrodes were as described in Section 4.2.7.
In the case o f the M ach-Zehnder interferom eter, the requirem ent of a 
S i 0 2 buffer layer com plicated the electrode form ation process. The reason
for the need o f a buffer layer is to reduce the optical attenuation effect of the
m etallic electrodes on the optical mode since the gaps o f the electrodes were
com parable in w idth to that o f the stripe waveguides. Since the proton-
exchange stripe waveguides were im possible to see using the m icroscope of
the m ask aligner, a special procedure had to be introduced. All the
aluminium masking layer was etched off except for the aluminized pattern of
a M ach-Zehnder in terferom eter. This M ach-Zehnder in terferom eter pattern
w ould provide the necessary alignm ent reference fo r the e lectrode mask
pattern. Next an S i0 2 buffer layer of about 2000 ft was deposited using a
Pyrox reactor. The S i0 2 is generated as a product from a reaction between
silane and oxygen at the surface of a heated susceptor (at 400°C). The sample
was then deposited with 1000 to 1500 ft of aluminium. The processing of the 
electrode from now onwards was sim ilar to that found in Section 4.2.7. Figure 
4 .19  illu s tra tes  a photom icrograph o f a section  o f a PE M ach-Zehnder 
in te rfe ro m e te r. The illu s tra tio n  show s the a lignm en t o f the stripe  
waveguides with respect to the aluminium electrodes.
( f )  D evice com pletion:-
The fab rica ted  phase m odu la to r and M ach-Z ehnder in te rfe rom eter 
sam ples were then inspected under an optical m icroscope. The electrode
gaps o f the devices were m easured to ensure that they were o f the correct 
width. After this, the devices were polished (Section 4.2.8) and mounted for 
optical and electrical evaluation.
Figure 4.19 Photomicrograph Of A Section Of A 
PE Mach-Zehnder Interferometer 
(In X-Cut L iN b03)
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4 J . 4 Summary - Realisation of W aveguides and Devices in LiNbQ3
bv the Proton-Exchange Process
Figures 4.20 and 4.21 summ arise schem atically the complete fabrication 
procedures o f the phase m odulator and the M ach-Zehnder in terferom eter 
respectively . As usual all the precautions taken in the realisation o f a
T i :L iN b 0 3  phase modulator were adhered to strictly. In addition, care must be
taken in realising  proton-exchange w aveguides and devices since benzoic
acid is an irritant on the human respiratory system.
It was found that the overall tim e required to realise a proton-exchange 
device was h a lf the tim e needed to realise a TiiLiNbO ^ device. In the
com parison , all the necessary  p ro cessin g  equ ipm en t fo r the p ro ton-
exchange and titanium -indiffused devices did not fail. Again this time does 
not include the end polishing of the samples.
4.4 O verall Sum mary
In this chapter, a com plete descrip tion o f all the necessary steps to
successfully  fabricate T i:L iN b 0 3  (slab waveguides and phase modulators) and
pro ton -exchange dev ices (slab w aveguides, phase m odulators and M ach-
Z eh n d er In te rfe ro m e te rs)  is ou tlined . The in itia l LiNbC>3 su b stra te  
preparation was found to be a critical step in realising high quality LiNb0 3
devices. An u ltrasonic cleaning procedure involving the use of various
heated halogenated  and non-halogenated organic solvents was adhered to
throughout the project. No m ajor problem s were encountered with the 
T i:L iN b 0 3  devices.
An overv iew  o f the p ro to n -ex ch an g e  tech n iq u e  fo r w aveguide
form ation in LiNbC>3 has been given since this is a relatively new waveguide
technology when com pared to the titanium  indiffusion method. A detailed 
descrip tion  o f the fabrica tion  procedure for p ro ton-exchange waveguides
Figure 4.20
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and devices using concentrated and diluted benzoic acid has been given. One 
o f the important param eters that has to be accurately monitored is the actual 
exchange time in the proton-exchange process. Failure to do so can result in 
s ign ifican t variations in optical p roperties of w aveguides fabricated  each 
tim e .
A num ber o f problem s were iden tified  w ith w aveguides fabricated 
using concentrated benzoic acid. A solution to some of the problems is to 
realise w aveguides using diluted benzoic acid. The dilu tant used in the 
experim ent was lithium  benzoate.
All the results o f the study of optical waveguides and devices formed by 
titanium  indiffusion , proton-exchange, and d ilu te m elt proton-exchange are 
presented in Chapters 5 and 6.
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A ppendix 4J . 
Structure and Properties of Lithium Niobate  
(C oncise Sum m ary!
(It Structure o f Lithium Niohate T4.1Q91
The lith ium  niobate la ttice  consists o f a linear arrangem ent of 
cations, (in the order Li, Nb, Vacancy, Li), in the direction o f the crystal axis, 
each surrounded by an octahedral array o f oxygen atom s. The lithium  
niobate crystal has a three-fold axis o f symm etry which places it in the 
trigonal (rhom bohedral) point group 3m, space group R3c.
(II) Scalar Properties T4.1Q9J
D e n s ity  4.64 g/cm^
M olecular W eight 147.85
M elting Point 1253°C
Curie Point 1150°C
M oh H ardness 5
Therm al C onductiv ity  10"12 cal/cm.s.°C
P yroe lec tric  C oeffic ien t 4 nC/cm^/°C (@ 300 K)
R e s is t iv ity  1 0 18 O -cm  «2> 24°C)
5 X 108 Q-cm  (@ 400°C)
140 Q -cm  (@ 1200°C)
(III) Variation Of Ordinary And Extraordinary Refractive Indices [4.1Q91 
R esearchers have found that many crystal properties are dependent
on the stoichiom etry and these are shown in Table 4.1. Of those properties 
affected , the m ost im portant for op tical w aveguide p ropagation  are the 
change in refractive index and birefringence. Figure 4.22 illustrates the 
variations o f the ordinary and extraordinary refractive indices o f LiN b0 3  as
a function of the Li:Nb mole ratio measured at 633 nm. It can be seen from
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Figure 4.22 that the extraordinary refractive index ne is strongly dependent
on the crysta l com position (2 .215-2.190) w hereas the ordinary refractive 
index no is not affected.
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CHAPTER 5 
THEORETICAL ANALYSIS AND EXPERIMENTAL EVALUATION 
OF SLAB AND STRIPE OPTICAL WAVEGUIDES WITH 
STUDIES OF ELECTRO-OPTIC ACTIVITY
5.1 I n tr o d u c t io n
The experim ental results o f the optical characterization o f slab PE 
(concentrated and diluted) waveguides in X- and Z-cut LiNbC>3 are presented 
and in addition m easurem ents o f the effective refractive index (ne ff) values
o f Y -cut T i:L iN b 0 3  slab waveguide sam ples used as controls are also 
presented. The theoretical analysis of the slab PE waveguides was based the
m ethods given by Kogelnik and Ramaswamy [5.1] and the IWKB technique 
[5.2, 5.3]. The two methods are described in Section 5.2.
However, to realise the full potential of integrated optics technology, 
stripe  (2-D im ensional) optical w aveguides are required . The theoretical 
analysis of the stripe waveguides is based on the approaches o f M arcatili [5.4] 
and Knox and T oulios [5.5] [com m only known as the E ffective Index 
Technique (EIT)} and results from these studies were used to design and 
realise single-m ode PE stripe waveguides.
The prism -coupling technique [5.6, 5.7, 5.8] was used to measure the
modal properties of the slab PE waveguides. The propagation loss (or out-of­
plane scattering) and the in-plane scattering o f the slab waveguides were 
m easured using a vidicon camera system and a scanning photodetector unit
respectively, while the stripe waveguides were evaluated by the use of an
end-fire coupling setup [5.9, 5.10]. Descriptions o f the prism -coupling and 
the end-fire coupling techniques are given in Section 5.4.
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5.2_____ Theory o f Planar Dielectric Optical W aveguides
5 .2 . 1____ I n tr o d u c t io n
The theory of the propagation of light in p lanar optical waveguides
is o f fundam ental im portance in the understand ing  o f slab PE optical
w aveguides in X- and Z -cut L iN b 0 3 - There are two well established
techn iques in the evaluation  o f p lanar optical w aveguides. The first
technique to be described is the ray-optics approach [5.11] and the second
m ethod involves a solution using only M axwell's equations [5.12, 5.13, 5.14].
Although most o f the important features of planar optical waveguides can be 
understood using the ray-optics approach, M axwell's equations must be used 
in situations where inform ation such as modal field energy and power flow
are needed.
Figure 5.1 illustrates a typical step-index p lanar optical waveguide
structure. The step-index model was found convenient for description of
properties o f experim ental p ro ton-exchange w aveguides (to quite a good
approxim ation). The waveguide consists o f a single w aveguiding layer of 
th ickness h and refrac tive  index n f . It is bounded by a substrate and
w aveguide m edia o f refrac tive  indices n g and ng respectively. All the
w aveguide m edia are assum ed to be hom ogeneous. It is convenient and 
su ffic ien t for p resen t purposes to derive the w aveguide charac te ris tic  
equations using a ray-optics approach.
5.2.2 Step Index W aveguides
5.2.2.1 Rav Optics Treatment of Optical W aveguides
To develop  an u nders tand ing  o f w aveguide phenom ena, it is
convenient to start with a ray optics point o f view and consider a waveguide 
mode to consist o f a ray o f light trapped within the slab waveguide by total
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internal reflection (TIR), as illustrated by Figure 5.2. For TIR to occur at the 
w a v e g u id e -su b s tra te  and w av e g u id e -su p e rs tra te  in te rfa c es , S n e ll's  Law 
requires that the refractive index o f the waveguide ng must be larger than 
those of the substrate and the cover i.e. ns < ng > nc . Also the angle sh o w n
in Figure 5.2 must exceed the critical angle at each interface. Therefore, the 
allowed values of 0 j must satisfy the relationship:
n s/n g < sin 0 j  > nc/n g (5 .1 )
The condition sin 0 j  > ns/n g applies to the slab optical waveguides studied in
this thesis.
W hen the light has undergone TIR, the phase-change on reflection
for infin ite beam is counterpart o f Goos-Hanchen shift for finite-beam width
[5.15], as illustrated in Figure 5.3. Let ^ g s  and 4>gc be the phase changes on
reflec tion  at the w aveguide-substra te  and w aveguide-superstra te  in terfaces
respectively. From [5.11] the phase changes on reflection are:
4>gs = tan*1 { V[(ng)2sin201 - (ns)2]/(ng cos 0 x) } (5 .2 )
<J>gc = tan*1 { V[(ng)2sin201 - (nc)2]/(ng cos 0j)} (5 .3 )
for TE modes, and
4>gs = tan*1 { (ng)2V[(ng)2sin201 - (ns)2]/[(ns)2(ng cos 0 j ) ] } (5.4)
4>gc = tan*1 { (ng)2V[(ng)2sin20 \ - (nc)2]/[(nc)2(ng cos O j)]} (5 .5 )
for TM modes.
S u p e r s t a t e  n .
^  W a v e g u id e  n g -
S u b str a te  n .
Figure 5.1 A Typical Step-index Planar Optical 
Waveguide
Figure 5.2 Schematic Showing A Ray Of Light 
Trapped Within The Slab Waveguide 
By TIR
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The propagation constant p is defined as,
p = kongSinOj (5 .6 )
and the phase velocity V as,
V = C (k 0/p) (5 .7 )
where k0 = 2tiA 0 is the wave number.
For the guided-w ave m odes to in terfere  constructively , the to tal phase-
change for one round trip w ithin the slab waveguide m ust be an integral
m ultiple of 2tc. The above condition yields the equation,
2 k^ghcos© ! - 2$gc - 2$gS = 2 Mtc (5 .8 )
where M is an integer = 0, 1, 2, 3,.. ................ known as the mode number. It is
also convenient to use an "effective refractive index" defined as:
n e f f  =  P / k 0 =  n g S i n O j
which is bounded by
n s < neff < ng
Therefore, using Equations (5.2 and 5.3), Equation 5.8 can be rewritten as: 
k0hV[(ng)2-(neff)2] = Mta + tan'1 (V[(neff)2-(ns)2]/V[(ng)2-(neff)2]} +
tan-1{V[(neff)2-(n<.)2]/V[(ng)2-(neff)2] } (5.9)
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for TE modes, and using Equations (5.4 and 5.5), Equation 5.8 can be rewritten 
as:
k 0hV [(ng )2-(n eff) 2 ] =M n  +  tan_1[(n g )2/ ( n s) 2 ] {V [(neff)2- (n s)2 ] /  
V [(ng )2- (n eff)2 ]} + tan"1 [ (n g )2/ ( n c )2 ]
{^ [ ( n eff)2- (n c )2]/^tCn g )2 -Cn eff)2 ] ) (5 .10)
for TM modes.
Equations (5.9) and (5.10) are the characteristic  optical waveguide 
equations used to determine p for the hom ogeneous planar waveguide system 
illustrated in Figure 5.1. However, neither o f the above two equations can be 
solved directly to yield p. Accurate specific solutions o f p can be easily 
obtained by num erical interpolation using a m ainfram e com puter system or 
a personal com puter.
5.2.2.2 Electrom agnetic Theory Treatm ent o f Optical W aveguides
A lterna tive ly , e lec trom agnetic  fie ld  theory  can be em ployed to 
derive Equations (5.9) and (5.10). For non-m agnetic, isotropic, homogeneous, 
charge free media, M axwell's equations can be expressed as the following:
£ x f i = - H 0O H /3t) (5 .11)
£ x K  = e0n2O E /at) (5 .12)
2 > E  = 0 (5 .13 )
£ * H  = 0 (5 .14 )
and yield the following wave equations:
v 2£  = n 0Eon2(s2E /3‘2) (5 .15)
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£ 2I i = |i0e0n2(a2H/3t2) (5.16)
for the coordinate system shown in Figure 5.1. By form ulating suitable time-
harm onic solutions in each region and by using the appropriate boundary
conditions to Equations (5.15) and (5.16), the characteristic optical waveguide
Equations (5.9) and (5.10) can be derived. In these considerations, the TE 
solutions have field com ponents Ey , Hx and Hz , while the TM solution have
field components Hy , Ex and Er
5.2.2.3 Comments on Step Index W aveguide Analysis
For each o f the ex terior regions there exists a Field that decays 
exponentially with distance. This field is called the evanescent field. The 
proportion o f the m odal optical energy carried in this evanescent field is 
very m uch dependen t on the re frac tiv e  index d iffe rence  betw een the 
w aveguide and its substrate and air and the w aveguide thickness. It is 
im portant to ensure, when designing optical w aveguides for active electro- 
optical devices, that the pow er in the evanescent field is relatively small 
because the optical device can experience high optical losses at the metallic 
boundaries associated with electrodes.
Finally, from Equations (5.9) and (5.10) it is possible to derive the cut­
o ff condition (i.e. the minimum thickness o f a waveguide form ed from a
given com bination o f refractive indices that will support a guided mode) for 
the waveguide system illustrated in Figure 5.1. This happens when ngff = nc
or ns . In all the waveguides reported in this thesis, nc = 1 and ns is either
the extraordinary  or the ordinary refractive index o f L iN bC ^. Therefore,
when neff. = ns, the cut-off thickness of TE modes is obtained from:
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h cut-off = ^M7C + tan l [^ {(n s)2’(nc )2 }/^ {(n g)2- (n s) 2 } ^ n g) 2*(n s)2 } ]
(5 .17)
and the cut-off thickness of TM modes is obtained from:
h cut-off = + t a n l [(n g )2^ {(n s) 2 ' ( n c )2 J /(n c ^ ^  ( ( n g )2_(n s) 2 ) 1/
[k0V {(ng) 2-(n s)2 } ] (5 .18)
In these situations, the evanescent fields penetrate deeper into the substrate.
On the other hand, as the optical waveguide thickness increases at a
fixed wavelength, the num ber o f guided modes supported will increase. This 
implies that the neff value will approach that of ng . For this other extreme
condition, the power carried by the evanescent fields is minimal and most of
the optical power is carried by the waveguide.
From the above, it is always desirable to fabricate optical waveguides 
(slab or stripe) away from the cu t-off but not m ultim oded since all phase 
m odulators used in the experim ents reported in this thesis m ust support a 
single guided optical mode for efficient device operation.
5.2.3 Treatm ent of Normalised W aveguide Dispersion Equations bv
K oeelnik and Ramaswamv
Kogelnik and Ramaswamy [5.1] have shown that by introducing a set 
o f three norm alised variables V, b, and a  to describe a step-index, single 
layer, d ielectric  optical w aveguide, the guided m odes o f any step-index, 
single layer optical waveguide can be determ ined from the universal curves 
generated from Equations (5.9) and (5.10). The parameters V, b, and a  are the 
norm alised waveguide thickness, norm alised effective mode index, and the
1 4 9
asym m etry  p a ram ete r o f the w aveguide  and its su rround ing  m edia 
respectively. The equations defining the three norm alised param eters are:
V = {27thV[(ng)2-(n s)2]} A 0, (5 .19)
b = Knef f )2 ' ( n s )2M ( n g ) 2- (n s)2 ], and (5 .20)
a T £  = [(ns) 2-(n c ) 2 ] /[ (n g )2- (n s) 2] (5 .20)
for TE modes, or
a T M  =  [ ( y n c>4 H ( n s ) 2 - ( n c ) 2 ] / K n g ) 2 - ( n s ) 2 ]
for TM modes. (5 .21)
Therefore the characteristic optical waveguide Equations (5.9) and (5.10) can 
be written as:
VV(l-b) = Mtc + tan-1V[b/(l-b)] + tan’1V[(aTE+b)/(l-b)] (5.22a)
VV(l-b) = M n  +  tan_1V[b/(l-b)] + tan'1V[(aTM+b)/(l-b)] (5.22b)
A com puter program based on the above technique was used to find 
the  w aveguide th ick n esses  and re frac tiv e  ind ices (ng ) in the PE slab
waveguide work. In this program the inputs to the com puter program were 
the m easured mode effective indices. By knowing the num ber o f modes 
w hich the PE w aveguide supported , an appropriately  restric ted  range of
values for V was determined. W ithin this range a computer scan was carried 
out to obtain an estimate of ng for each mode, given an initial estimate of the 
asym m etry param eter a TE o r a ^ .  With the initial choice of V, b values were
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obtained from the theoretical plots. Together with the knowledge of the 
various ne^  from the prism -coupling m easurem ents, sets o f estim ated ng
values could then be obtained. V was then adjusted (and also the set of b 
values) until the standard deviation over a set of ng values was small (i.e. 10"4
for PE w aveguides that supported several m odes). The value for the 
asym m etry param eter a was also adjusted at the same time. Once an estimate
of ng was obtained with its corresponding value of V, the depth of the optical
waveguide h could be calculated using Equation 5.19. This program was used 
exclusively in analysing data from the work on concentrated PE waveguides 
realised in Z-cut LiNbC^.
5.2.4 The IWKB Method of W aveguide Refractive Index Profile 
De t e r m i n a t i o n
M any researchers have described  the ca lcu la tion  o f the modal
indices of an optical waveguide with a given refractive index profile [5.16,
5.17, 5.18] using the WKB approximation [ 5.19]. White and Heidrich [5.2] first
described in detail a technique whereby, for a given set o f measured modal 
indices nm , with m = l, 2, 3,  M, the refractive index profile n(x) could be
obtained, where x is the direction perpendicular to the surfaces of the planar
optical waveguides. This technique o f slab waveguide analysis has become
known as the inverse WKB (IWKB) method. It should be noted that a
continuous function for n(x) cannot be predicted exactly since the amount of
in fo rm ation  from  the p rism -coupling  m easurem ents is fin ite . Instead,
certa in  functions such as step, G aussian, exponential or com plem entary
error maybe used to give a 'best-fit' to the individual calculated points. The
IWKB technique for waveguide mode analysis is, therefore, more accurate
for optical waveguides with many modes. This method was used to analyse
p lanar w aveguides form ed in LiNbC^ by both the concentrated and dilute
m elt proton exchange techniques.
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A ccording to the IWKB m ethod, n(x) appears in the form of a 
piecew ise linear function given by:
n(x) = nk + [(nk . 1-n k )(x k -x ) /(x k -x k _1)] (5 .23)
for xk _j < x < x k , where xk denotes the turning points of the waveguide modes 
w ith  e ffec tive  refrac tive  index nk . H aving substitu ted  (5.23) into the
w aveguide charac te ris tic  equation: 
xm
k 0 I V[n2(x )-(n m )2] dx = 7t(m -3/4)
0
+ tan’ 1 <pV{[(n m )2- l ] / [ ( n g)2-(n m )2] } (5 .24)
w h e r e
m = l, 2, 3, .....   M (M is the number of guided modes in the waveguide
being  evaluated ),
Icq is the light wave number in vacuum,
n g is the surface refractive index of the waveguide being evaluated,
<p = 1 for TE modes or cp = (ng) for TM modes, and
x m are the turning points o f the m easured modes defined by the 
equation, n(xm ) = nm ,
the following recurrent equation for xm was obtained:
x m = xm -l + Knm -l + 3 n m>(nm - r n m)/2 ] " U 2
*  {it(m-3/4) + ta n '1 <p V{[(nm )2- l ] / [ ( n g)2-(n m )2]}
m -1
- 47t/3X0 S  [(nk_! + nk)/2 + i ^ ] ^ 2 [(xk -x k . 1) /(n k . 1-n k)] 
k=l
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* [(nk _r n k ) 3/2 - (nk -n m ) 3 /2 ]}, and
x j  = (3X0/4 n ) [(n g + S n jX n g -n j) /!]  ' 1/2
* { jc/4 + ta n '1 q> V{[(n1)2- l ] / [ ( n g)2- (n 1)2]} } (5 .25)
for m = 2, 3, .......  M, where Xq is the wavelength of light in vacuum.
In order to calculate the first turning point x l t  the value of ng has to
be determined. This was achieved by making use o f the fact that changes in 
the value of ng cause significant changes in the refractive index profile
curvature n(x). To evaluate the curvature in this case, the field sum of
triangles with the following vertices were used:
(xk , nk ), (xk+ 1, nk+1), and (xk+2, nk+ 2 )»
where k = 0, 1, 2,    M-2. Computations were carried out to obtain a value of
n g for which the field sum would assume the least possible value.
Using Equation 5.25, the turning points xm of the TE and TM modes
were evaluated. The data sets (nm , xm ) obtained could be used to find the
analytical form of n(x). However for all the related work reported in this 
thesis, the com plem entary error function, exponential, G auusian, and step 
functions were used to fit the data sets and the method of least mean-square
error was used to calculate the error of the fit in all cases. The Gaussian and
exponential functions chosen can be described as:
E xponen tia l function ,
n(x) = ng + A n0 [exp-(x/d)], and (5 .26)
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G aussian  function,
n(x) = ns + A n 0  [exp-(x/d)2]. (5 .27)
w h e r e
A n 0  = (ng-n s), and 
d is the depth of the waveguide.
Exam ples o f slab waveguide analysis using IWKB are given in Sections 5.5, 
5.6, and 5.7 of this chapter.
5.3 Theory o f Stripe (Two Dimensional) Dielectric Optical W aveguides
5.3.1 I n tr o d u c t io n
S tripe w aveguides (also known as two d im ensional w aveguides) 
enable optical radiation to be confined in both directions perpendicular to 
the d irection o f light propagation. For integrated optics technology to be 
used successfully  in optical com m unication system s, optical sensor systems 
and some advanced signal processing circuits, it is essential to have low loss 
single-m ode stripe optical waveguides.
The analysis o f a stripe dielectric optical waveguide is more complex
than that o f the planar optical waveguide described in Section 5.2. Due to the
fact that the electric and magnetic Fields even o f a homogeneous rectangular 
stripe waveguide cannot be expressed exactly by separable functions o f the 
rec tan g u la r  c o o rd in a te s , m o re -o r-le ss  com plex  n um erica l analyses are
employed to obtain precise solutions.
5.3.2 Summary of Published Analyses used in this Thesis
Two waveguide analysis methods were used to generate the dispersion
curves for proton-exchanged stripe optical w aveguides in LiNbC>3 . The two
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techniques were proposed and described repectively by M arcatili [5.4] and by 
Knox and Toulios [5.5]. It is noted that the two methods are quite similar. The 
Knox and Toulios method of waveguide analysis maybe regarded as a natural 
extension/m odification to M arcatili's method. Neither o f the two methods of 
w aveguide analysis is rigorous or a true num erical approach. On a 
physically  reasonable and intuitive basis, the two m ethods are used quite 
often to estim ate waveguide properties.
G allagher [5.20] has used the technique described by Knox and 
Toulios (also commonly known as the effective index method) for analysing 
ion-exchanged w aveguides in soda-lim e glass substrates. Reasonable results
were generated  eventhough the ion-exchanged w aveguides have a graded 
index profile. M iller [5.21] has used M arcatili’s theory to analyse high aspect 
ratio sandwich ribbon fibres with success.
5.3.3 M arcatili's  A nalytical Solution
In this m ethod, an approxim ate 'analytical' solution in closed form 
was form ulated  using sim ple sinusoidal and exponential functions. The 
re c tan g u la r  d ie le c tr ic  w aveguide c o n fig u ra tio n  un d er co n sid e ra tio n  is 
shown in Figure 5.4. In this analysis, the fields in the shaded areas are 
neglected due to the difficulties o f matching the tangential fields over those 
b o u n d a r ie s .
The analysis assum es that m ost o f the guided-w ave pow er is 
travelling in region 1, with very little in regions 2, 3, 4 and 5, and with a 
negligible amount in the shaded regions. Since the optical waveguide modes 
are assumed to be well guided, their electric fields decay exponentially in 
regions 2, 3, 4, and 5. Hence, due to the above assumptions, only a small error 
should be introduced into the solution for guided modes that are far away 
from  cut-off. By assum ing sim ple e lectric  field  d istribu tions, the field 
m atching along the four sides of region 1 can be accom plished. The guided
Figure 5.3 Phase Change On Reflection Represented 
By The Goos-Haenchen Shift
y///////////z
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Figure 5.4 Rectangular Waveguide Geometry
155
modes are essentially of the T.E.M. type and they can be grouped into two 
types namely (Epq) x and (Epq)y . The largest field components are found to be
perpendicular to the axis o f propagation and the main field components of 
the members of the first type are Ex and Hy , while those o f the second type 
are Ey and Hx . The subindices p and q represent the number of nodes in the 
x and y directions respectively. The longitudinal propagation coefficient (3Z 
may be expressed as:
where k j = n jk g  = n ^ rcA o *  an ( 1  kx and ky are the propagation coefficients in 
the x- and y- directions respectively, being the solutions o f the following 
tra n sc en d e n ta l eq u a tio n s .
k z = pz = V[(k1 )2 - ( k x)2 - ( k y)2] (5 .28)
k x a = p n  - tan ' 1 kx £ 3  - tan" 1 kx £ 5 (5 .29)
k y b = q n  - tan ' 1 O ^ /n j ) 2  ky £ 2  - ta n '1 (n 4 / n 1 ) 2  ky £ 4  (5 .30)
for (Epq)y modes, and
k x a = pic - tan ' 1 ( n j / n j ) 2  kx 5 3  - ta n '1 (n 5 / n 1 ) 2  kx £ 5  (5 .31)
k y b = q n  - tan ' 1 ky £ 2  " tan" 1 ky C4 (5 .32)
for (Ej>q)x modes, where:
$ i= l/(lkx il) = 1/V [(n /A j) 2  - (kjj)2] i = 3, 5 (5 .33 )
Cj= l/(lkyil) = l/^ K it/A j ) 2  - (ky)2] i = 2 , 4 (5 .34 )
A j=  A / { 2 V [ (n , ) 2 - ( n i)2 ] } i = 2, 3, 4, 5. and (5 .35 )
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k-= I n n - J X  = kQn | i = 1. 2. 3, 4, 5 (5.36)
The constants and in the above equations are the inverse measures of
the distance the evanescent field penetrates into regions 2, 3, 4 and 5 since it 
was assum ed that the field  com ponents in these regions decay in an 
exponential form. As the guided mode tends towards cut-off, the discrepancy 
betw een M arcatili's analytical solutions and Goell's com puter solutions [5.22] 
becomes greater since the fields in the shaded regions of Figure 5.4 are now 
m ore sign ifican t because they carry m ore optical pow er. The above 
equations apply, therefore, only to situations where the guided m odes are 
fairly far away from cut-off.
F o r s trip e  p ro to n -ex ch an g e  w avegu ides in L iN b C ^ , where the
refrac tive  index d ifference betw een the w aveguide and the surrounding 
areas is large (i.e. An = 0.12) and the stripe waveguide has a large aspect ratio 
(i.e. a >> b), then the CEp q ) x and (Epq)y modes tend to those of the TEm and
T M m modes of a planar waveguide with m = q-1. The two eigenvalue 
equations 5.30 and 5.32, as a -> , kx 0, reduce to those equations that are
used to describe planar waveguides which support TE and TM modes.
5.3.4 The Knox and Toulios Solution (Effective Index Method)
In 1970 Knox and T oulios proposed an alternative technique for 
analysing  rec tangu lar d ie lectric  w aveguide w hich generated  resu lts  that 
were in close agreem ent w ith those produced by the c ircu lar harm onic 
computer analysis of Goell [5.22] for optical modes that were close to cut-off. 
This m ethod o f waveguide analysis became commonly known as the effective 
index method. It has been used extensively by various workers to calculate 
dispersion curves for various stripe optical waveguide structures in soda- 
lime glass, LiNbC>3 and III-V type waveguides [5.20, 5.23, 5.24].
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The effective index method basically derives an effective index value 
which serves to couple the two planar optical waveguides that approximate 
the orig inal stripe geom etry illustrated  in F igure 5.5. From  the papers
describ ing  th is m ethod, there appears to be no rigorous m athem atical 
ju s tif ic a tio n  for the e ffec tive  index techn ique although it c learly  has 
features in accord with physical intuition. This m ethod predicts for stripe 
waveguides that are close to cut-off, propagation constants which are closer 
to those generated by Goell than those produced by M arcatili's solutions. 
Again in this m ethod the optical field penetration into the shaded regions as 
shown in Figure 5.4 is not considered in the analysis.
The procedure of Knox and Toulios is firstly  to allow the stripe 
dielectric waveguide width a go to infinity, as shown in Figure 5.5. This 
reduces the stripe waveguide structure to an asym m etrical p lanar dielectric 
waveguide o f thickness b with a norm alised propagation constant of ne = 
P/kQ , which can be calculated as already described in Section 5.2. This
calcu la ted  value n e is then used to calculate a new value o f propagation 
constant n 'e = P '/kg  where n 'e is the norm alised propagation constant for the 
stripe dielectric waveguide structure o f width a and thickness b.
When using this technique to calculate the propagation constant, one
m ust ensure that there is polarisation continuity. As an exam ple, if the 
( E p q)x m odes (quasi planar T E q .j m ode) are considered; the asym m etric
planar dielectric waveguide o f thickness b must support a T E q .j mode, whilst
the asymm etric planar dielectric waveguide o f width a m ust now support a
T M p .j  mode. On the other hand, if one now is considering the calculation of 
the (Epq)y modes, the above described TE and TM conventions are reversed.
This means that TM q - 1  and T Ep.j modes will be involved instead.
The o ther approach for analysis o f a stripe  op tical d ielectric
w aveguide using the effective index technique is to consider firstly  the
asym m etrica l p lan a r w aveguide o f w idth  a and then  co n sid e r the
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asymm etrical planar waveguide of thickness b. With reference to Figure 5.6, 
let b go to infinity and then the value of ng for the asym m etrical planar
w aveguide o f w idth a can be calcu lated . As before , the equivalent 
rec tangu lar norm alised propagation constant P z = kon e is calculated using 
the calculated ne value and by defining an asym m etrical planar waveguide
of thickness b.
In general it would appear that both ways o f calculating the effective 
refractive index are equally valid , especially  for stripe optical dielectric 
w aveguides with small A n change. However, for larger A n changes and a 
greater degree of asym m etry, it appears that the order o f calculating the 
effective refractive index is important. M acFadyen [5.24] showed that there 
could be at least a 1 0 % variation betw een the effective refractive index 
values calcu lated  by approaching the calcu lation  using the two alternate 
ways. Thus, for the stripe PE waveguides in LiNb0 3  reported in this thesis, it
was decided to calculate the slab with the sm aller confinem ent (i.e. the 
transverse slab) firs t since this was more sensitive to A n changes and 
w aveguide d im ensions.
The ca lcu la tio n s  fo r the stripe  w aveguides in pro ton-exchange 
L iN bC >3 are reported in Chapter 6 . In the calculations both M arcatili's method
and the Knox and Toulios methods were used.
5.4 Techniques for Studying Slab and Stripe Optical W aveguides
5.4.1 I n tr o d u c t io n
There are three common m ethods for coupling laser radiation into 
optical waveguides. They are prism -coupling [5.6, 5.7, 5.8], grating couplers 
[5.25], and end-fire coupling [5.9, 5.10]. Of these three m ethods, the most 
widely used for evaluating slab and stripe optical w aveguides are prism-
n, I ng |
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coupling and end-fire coupling respectively. Both o f these techniques were 
extensively used in this work.
5.4.2 The Prism Coupler Technique
It was Tien et al [5.6] who first proposed this method for coupling
laser light into and out o f optical waveguides. The prism -coupling method
has since been used extensively by researchers, as a convenient way to 
m easure the effective refractive indices o f a wide range o f optical waveguide 
systems. The advantages of prism -coupling are:
( a )  the waveguide sample can be tested without any special preparation
such as end-polishing of the sample edges or form ation o f gratings,
( b )  as m entioned earlier, individual waveguide modes can be excited and 
their effective refractive indices can be m easured and
( c )  the coupling efficiency that can be achieved can be very high. It
has been shown that the theoretical coupling efficiency could be as high as 
100% if a tapered air gap is used. To date, a maximum coupling efficiency of 
94% has been reported by Sarid [5.26].
Figure 5.7 shows a schem atic diagram of the input and output prism
couplers on a waveguide. The m ethod involves clam ping a prism with a
re fra c tiv e  index  (np ) h igher than the refrac tive  index o f the optical
w aveguide (ng) which is to be measured. The input and output prisms are
separated  from the waveguide by a small air gap. From now on, the
discussions will only be on the input prism coupler. The output prism is used
as a convenient way to decouple the guided light in the waveguide so that
each individual mode can readily be identified.
L aser radiation that is incident upon the low er face o f the input
prism at an angle 0  will be totally internally reflected if:
0  > sin ' 1 ( 1 /iip) (5 .37)
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However also set up in the same region of the prism is an evanescent field in 
the air gap which propagates parallel to the optical waveguide surface with a 
p ro p ag a tio n  constan t:
p e = k0 npsin9 (5 .38)
where kQ = 2 k / \ q  is the wavenumber in free space. W hen this is phase-
m atched  to a gu ided-m ode in the w aveguide, op tica l pow er w ill be 
transferred into the waveguide and at this condition, P e = P where p is the
propagation constant o f the guided-m ode. The incident angle o f the input 
beam  can be changed to satisfy  the conditions for propagation of other 
modes. Hence the general equation that satisfies the above situation is:
Pe = P = kQnpsin 0  (5 .39)
Therefore the effective refractive index, neff of the waveguide mode for each 
value of 0  can be calculated from:
n eff = P/k 0 = np s i n 0  (5 .40)
From the prism geometry and the use o f Snell's Law:
0 = 0p + s in '1 [s in (0 i) /n p ] (5 .41)
w here 0 j is the coupling angle betw een the incident laser beam and the
normal to the sloping prism face and 0 p is the prism angle, as indicated in
Figure 5.7.
The angle 0 j is known as the synchronous or m ode-angle and forms the
foundation for all the m easurem ents and calculations o f the mode effective
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refrac tive  index o f any optical w aveguides. A fter substitu ting  0 from
Equation 5.40 into Equation 5.41, the value of neff is given by:
n eff = np sin (e p + sin" 1 [s in (0 i)/np] } (5 .42)
In the prism -coupling system used to measure the mode angles of the
optical w aveguides, no special op tim ization  was taken to m axim ise the
coupling efficiency. The reason for this was that the in tensity  of the
coupled modes did not have a major impact on any measurements to be taken
using the system except maybe the in-plane scattering study. In all cases,
the output pow er m easurem ents were norm alised relative to an initial value.
In general the coupling efficiency in m ost experim ents was found to be
between 40% to 64%.
The prisms used in all the experim ents described in this thesis were 
made from rutile (T i0 2). The extraordinary (ne ) and ordinary (nQ) refractive
indices of T i0 2  at 632.8 nm and 1150 nm are:
( a )  n e = 2.8719, n Q = 2.5837, and
( b )  n e = 2.7323, nQ = 2.4717
respectively  [5.27].
It was found from a substantial num ber o f m ode-angle measurements
that there was a significant variation in the substrate refractive indices o f X-
cut and Z-cut L iN b0 3 . This variation is discussed in the Section 5.5 of this
c h a p te r .
In order to determ ine accurately the A ngff values o f the measured
optical waveguides, the following procedures were taken:
( a )  accurate alignment of the reflected laser beam from the input face of
the rutile prism and the incident laser beam,
( b )  use of rotation stage with an accuracy to ±  0 .0 1 °,
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( c )  a silicon photodetector and oscilloscope m easuring system was used to 
m axim ise the signal of the measured m-lines, and
(d )  the input prism apex angle (0 p ) was determ ined by reflecting the
laser beam back on itself first from the substrate surface and then from the
prism input face. In both cases, a beam splitter and the silicon photodetector
and oscilloscope system was used to ensure as near perfect back reflection as 
p o ss ib le .
It was deduced that the largest error in the evaluation o f ngff came
from the prism . Since all m ode-angle m easurem ents were m ade with the 
same input rutile prism , it was possible to elim inate the errors due to the
prism  by taking:
* n eff = neff " ne (°r no> <5 -4 3 )
E rro rs  due to prism  m isa lignm en t w ith  respec t to the d irec tion  of 
propagation were ignored. However, the substrates o f  w aveguides to be 
tested were always located by double sided tape onto a microscope slide. This 
was to ensure that the input coupling prism  could be positioned accurately 
on the sample. The biggest error in measuring the mode-angle was that due 
to the rotation stage, i.e. ± 0 .0 1 °.
Figure 5.8 shows a schem atic o f the experim ental arrangem ent used 
to take m ode-angle measurem ents on optical waveguides. The sample to be 
tested was held on a microscope slide with double sided tape. The microscope 
slide was then placed in a holder held in a precision goniometer with X, Y 
and Z linear m ovem ents, ro tational and tilt m ovem ents. As m entioned 
e a r l ie r , the ro ta tio n a l m ovem en t abou t the  Z -a x is  was m easured  
electronically  to an accuracy o f 0.01°. W aveguide TE or TM modes were 
excited  by a vertica lly  or horizon tally  po larised  He-Ne laser beam at 
wavelengths o f 632.8 nm and 1150 nm. A chopper unit, to intensity modulate
s.
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the laser light at about 1 kHz was used in conjuction with a variable biased 
a.c. coupled silicon photodetector and an oscilloscope to perform  accurate 
m easurem ents. F igure 5.9 illu stra tes the precision  goniom eter with the 
sample holder used in all the mode angle m easurem ent experiments.
5.4.3 The End-Fire Coupling Technique
The end-fire coupling technique is the m ost comm on m ethod for
stripe optical waveguide excitation. W ith this method, it is not possible to
derive any e ffec tive  refrac tive  index values for the stripe  w aveguides.
H ow ever, o ther researchers have em ployed a hybrid arrangem ent whereby
the laser light was end-Fired into the stripe waveguide and towards the other
end o f the stripe waveguide, a prism coupler was employed to couple out the
m ode lines. By m easuring the angle betw een the mode line(s) and the 
perpendicular to the sloping face of the prism, it is possible to derive the neff
values [5.28]. However, in all the stripe waveguide studies reported in this 
thesis, only the end-fire coupling system was used. Figure 5.10 shows the 
actual end-fire coupling system used in all the stripe waveguide study.
Ideally  the laser beam , o f operating w avelength Xq , entering the
input m icroscope objective should be expanded and collim ated to a parallel
beam . For m inim um  spot size at the focus o f a particu lar m icroscope
objective, the input laser beam diam eter d should ju st fill the aperture of the
objective. However, in practice it was sufficient to direct the laser beam
from the HeNe laser straight into the X40 microscope objective. The focused 
spot diam eter o f the laser beam Sd using a m icroscope objective with a
num erical aperture NA is given approximately by [5.29, 5.30]:
sd = {2 X0 D [1 -(N A )2] 1/2} /  (jtd(NA)] (5 .44 )
where D is the objective pupil diameter.
Figure 5.9 The Actual Precision Prism Coupling 
System Used For Mode Angle 
Measurements
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From Equation 5.44, the minimum spot size for a 1.5 mm wide input HeNe laser 
beam, at Xq = 633 nm for a X40, 5 mm microscope objective with a numerical
aperture o f 0.65 was estim ated to be 1.6 p.m. In the discussions of beam 
diam eter, spot size and mode profiles o f optical waveguides in this chapter, 
the 1/e value of the optical field amplitudes will be used.
In general, it was found that the insertion loss due to the two X40 
m icroscope objectives alone was m easured to be 1.1 dB at the operating 
wavelength o f 633 nm. Due to the large m ismatch between the 4 or 5 pm
stripe w aveguides and the focussed output from the m icroscope objectives
used in the optical frequency tran sla to r work, the to ta l insertion  loss 
m easured using the same pair of m icroscope objectives was found to lie in 
the range 5.5 dB to 18.5 dB with the larger values m easured in PE stripe
waveguide devices. The complete set of results for the insertion loss study on
T i:L iN b 0 3  and PE stripe waveguide devices is reported in Chapter 6 .
Therefore for the end-fire coupling to be effective and efficient, two
main criteria have to be achieved:-
( a )  efficient matching o f the input focussed laser spot and the mode(s) of 
the optical waveguide under test, and
( b )  high quality  optical end faces, i.e. they have to be polished (as
described in Chapter 4) and be free of chips at the edges of the waveguides.
5.5 S lab Ti:L iN bQ 3 W aveguide M easurements
The aim of this section is to present m easured effective refractive
index (ne ff) results for the control slab waveguides that were fabricated at
the same time as the stripe optical waveguides. The main aim was to monitor 
the variation o f A ngff for sam ples with varying titanium  thicknesses. In
addition , the m easurem ents provided a check on the titanium  deposition
process. This was to ensure that when the stripe waveguide results were
compared the exact fabrication conditions were well established. As stated in
1 6 5
C hapter 4, the following titanium  thicknesses and diffusion conditions were 
adhered to for the fabrication of all the Y-cut L iN b0 3  phase m odulators:
(1 )  Titianium Thickness: Between 250 & and 550 &, and
(2 )  D iffusion Conditions: 8  hours at 1000°C, in a closed alumina tube with 
congruent L iN b 0 3  flakes.
The reason for the above choice o f fabrication conditions was to utilise the
stripe waveguide study results that were obtained by M cLachlan [5.28].
The prism -coupling technique as described in Section 5.4.2 of this
chapter was used to evaluate the control slab waveguides. Table 5.1 shows the 
m easured results (A ngff) o f a typical batch of control samples (with varying
initial titanium  thicknesses) obtained from a num ber o f titanium  deposition
runs. As can be seen from the above table, a number of samples with similar
titanium  thicknesses were included. The results indicated that there might
be variations in the titanium  thicknesses. However, the measured variations 
in A neff were not large enough to merit any concern in this particular study.
In addition, an experim ental plot of A ngff versus in itial titanium  thickness
was made (Figure 5.11). The purpose of this particular plot was to provide a
standard reference check to all sim ilar future fabrication experim ents. The
results from Table 5.1 indicate that the titanium  deposition  process was
repeatable. Extrem e care was required for each deposition run with initial 
titanium  Film thickness calibration graph obtained for each run. The A ngff
values obtained for an initial titanium  film thickness o f 380 &  in this thesis 
were found to be com parable to those results (for an initial titanium  film 
thickness o f 375 &) reported by M cLachlan [5.28]. In both cases the same 
diffusion conditions were used.
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 Delta-neff (2)X1(T-3
9
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Figure 5.11 Plot Of An^ Versus Initial Titanium 
Film Thickness
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5.6 M easurem ents on Slab W aveguides Formed bv Proton-Exchange 
using Concentrated Benzoic Acid Melts
The prism -coupling technique with sing le-crysta l ru tile  prism s was 
used to evaluate the optical characteristics o f the waveguides formed. All 
m easurem ents were carried  out at a w avelength  o f 632.8 nm, unless 
otherwise stated. It was confirmed experimentally that only TE and TM modes 
were excited in PE waveguides fabricated in X- and Z-cut LiNbC>3 resp ec tiv e ly ,
along the chosen direction o f propagation.- along the Y-direction (for X-cut 
LiNbC>3 ) an(* along the X-direction (for Z-cut LiNbC^).
The effective refractive index (neff) of each measured TE or TM mode
was calculated from the measured m ode-angle (Using Equation 5.42). These 
values were then used as data input for a com puter program  based on the
norm alized step index equations, as described by Kogelnik and Ramaswamy
(Section 5.2). The program  calcu lated  the surface refractive index and 
waveguide depth for the given input wavelength on the assumption o f a step 
index change in the slab waveguide.
5.6.1 M easurements at k  = 632.8 nm (for X- and Z-cut Waveguides)
It was found that the ngff. o f freshly fabricated PE optical waveguides
in both X- and Z-cut LiNbC>3 decreased with time. This behaviour is similar to
that reported by Nutt [5.31]. The result was how ever in contrast to that
reported by Yi-Yan [5.32] where a periodic variation o f ne .^f with time was
observed. It is possible that the method of fabricating the PE waveguides in
the LiNbC>3 substrates contributed to this observed difference in results. The
w aveguides fabricated  for th is work and those fabricated  by Nutt were
exchanged in a stainless steel beaker with a Pyrex cover. The PE waveguides 
used by Y i-Y an were fabricated  in sealed  am poules. In all three 
fabrications, molten benzoic acid was used as the protonic source. Figures
1 6 7
5.12(a) and 5.12(b) illustrate  plots o f the relaxation o f A n rr  (i.e. thee i r
d iffe rence  betw een ng^  and the substrate refractive index o f X- or Z-cut
L iN b 0 3 ) versus time in days after the PE fabrication process. The X- and Z-
cut w aveguide m easured were both PE at 200° C for one hour. Due to the 
relaxation o f the m easured neff values, all m easurem ents presented in this
section were obtained six months after fabrication. This was to avoid any 
m easurable decrease in the neff values of the PE waveguides and thus provide
a stable set o f results.
F igures 5.13(a) and 5.13(b) show plots o f d iffusion depth versus
( t im e ) 0 ' 5  for X- and Z-cut PE waveguides. The results were obtained for 
w aveguides fabricated  in benzoic acid m elts o f various tem peratures, i.e. 
from 160°C to 220°C. Assuming that the proton source concentration did not 
vary during the exchange process, values for the diffusion coefficient D(T) 
were calculated from the gradients o f the curves. The values o f the diffusion 
coefficient at various exchange tem peratures for X- and Z-cut PE waveguides
are given in Tables 5 .2(a) and 5.2(b) respectively . These values were 
calculated assuming that the diffusion depth (d) varied as follows [5.33]:
di = 2  V[t x Di(T)] (5 .45)
where t is the exchange time in hours and Dj(T) the diffusion coefficient in 
pm  /h for the PE process in X-cut (i = x) and Z-cut (i = z) LiNbC^. In Equation 
5.45, the dependence of D^(T) on temperature T in degrees Kelvin, is given by 
the A rrhenius Law:
Dj(T) = Doi x exp [(-Qi)/(R0 T)] (5 .46)
where D0  ^ is a constant and Qj is the activation energy for the PE process 
with i= x and z for X- and Z-cut LiNbC>3 respectively, and where Rq is the 
universal gas constant, with a value o f 8.314 J/Kmol. Figures 5.14(a) and
(a) —  Delta-neff-TE(O)—  Delta-neff-TE(l)
2.33
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Figure 5.12 Plot Of The Relaxation Of Arieff Over A Time 
Period Of 200 Days For: 
(a) PE X-Cut LiNb03
(b) PE Z-Cut LiNb03
De
pth
 
(|x
m)
2 .0-
1.5-
1. 0 -
0 .5 -
♦  T = 162°C 
AT=169°C 
■ T = 180°C
♦  T = 192°C 
▼ T= 200°C
♦  T = 210°C
0,8 1-2 
Time (VHour)
Figure 5.13(a) Plots Of Diffusion Depth Versus 
/(Time) For PE X-Cut LiNb03
De
pth
 
(fi
m)
2.0 -
1 .5 -
1.0 -
0 .5 -
1.00 2.0 3.0
Time (VSour)
Figure 5.13(b) Piots Of Diffusion Depth Versus
/(Time) For PE Z-Cut LiNb03
T°C [K] D(T), (im2/h
162 [435] 0.029
169 [442] 0.047
180 [453] 0.081
192 [465] 0.136
200 [473] 0.220
210 [483] 0.291
(a)
T°C [K] D(T), [xm2/h
180 [453] 0.027
200 [473] 0.081
220 [493] 0.207
(b)
5.2 Table Of Diffusion Coefficients At 
Various Temperatures
(a) For PE X-Cut LiNb03
(b) For PE Z-Cut LiNb03
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Figure 5.14(a) Plot Of In D(T) Versus 1/T
(Gradient = Q/R) For PE 
X-cut LiNb03
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5.14(b) illustrate the relationship between 1/T and In D(T). From this plot, 
values o f Qj and D0j have been obtained:
Q x = 84 kJ/mole, Qz = 94 kJ/mole
D ox = 4.326 x 108  pm 2 /h , D oz = 1.84 x 109  p m 2 /h.
Equation 5.45 can, therefore, be written as follows:
d x = 4.169 x 104  (t) ® '5  x exp (-5.052 x 103 /T) pm  (5 .47)
d z = 8.580 x 104  (t) 0 , 5  x exp (-5.650 x 103 /T) pm  (5 .48)
U sing Figures 5.14(a) and 5.14(b), the value o f any diffusion coefficient 
within the working range of benzoic acid (i.e. 160°C to 249°C) can be read off 
c o n v e n ie n t ly .
A fter having studied and defined the diffusion properties o f the PE 
process, the optical properties for the slab waveguides were investigated at 
the various diffusion conditions. Figures 5.15(a) and 5.15(b) show sets of
d ispersion  curves obtained  theore tically  (Section 5 .2), together with the 
experim ental results for PE X- and Z-cut waveguides respectively. As can be 
seen from the plots, the theoretically  derived and experim entally measured 
results are in excellent agreem ent with each other. From these dispersion
plots, the cutoff depth for each waveguide mode was obtained. The cutoff
depths for modes in the range TEq to TE5  and TMq to TM 5  are tabulated in
Tables 5.3(a) and 5.3(b) respectively.
ln[
D(
T)
] 
x 
10
1/T(K_1) X 1<r3
2.0 2.1 2.2 2.3
0.0
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Figure 5.14(b) Plot Of In D(T) Versus 1/T
(Gradient= Q/R) For PE 
Z-cut LiNb03
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(a) For X-Cut LiNb03 (TE)
(b) For Z-Cut LiNb03 (TM)
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5.6.2 M easurements at X  = 1150 nm (Tor X-cut Waveguides^
All the X-cut PE samples used in the above measurem ents of Section
5.6.1 were then remeasured at a longer wavelength. It was found that most of
the Z-cut PE samples were not thick enough to support any TM modes. In
view of this and the secondary importance of Z-cut PE samples for the work
in this thesis, no more Z-cut samples were fabricated.
It was found experim entally  that the m ajority  of the X -cut PE 
w aveguides supported only the fundam ental TE m ode. For purposes of
com p ariso n , it was conven ien t to use th ree  m u ltim oded  w aveguides 
fabricated respectively at 193°C, 202°C and 211°C and exchanged for 2.5 hours, 
2.0 hours and 3.0 hours respectively. Using the prism -coupling technique, 
m ode-angles for each guided m ode were m easured and the corresponding 
effective refractive indices were calculated. Finally, applying the computer 
program  based on the norm alized step index equations o f K ogelnik and 
R am asw am y, values o f the surface refractive index and w aveguide depth 
w ere calcu lated  for each sam ple. Table 5.4 shows a sum m ary o f the 
m easurem ents and calcu lated  resu lts  at X,= 1150 nm. The values in the 
brackets were m easured at X= 632.8 nm. From this study, it can be deduced 
that the average An change at X= 1150 nm is 0.096. The aim of this short piece 
o f experim ental work was to obtain an indication o f the dispersion o f An for 
PE w aveguides.
5.6.3 Propagation  Loss M easurem ents
5.6.3.1 I n t r o d u c t io n
In o rder to identify  a w aveguide fabrica tion  technology that can 
rea lise  high quality  w aveguide devices, it is im portant to m easure the 
scattering o f laser light by im perfections in the w aveguides. This property
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w ill play an im portant role in the ultim ate perform ance level that can be 
achieved in integrated optical systems.
O ptical energy that is guided in an ideal w aveguide will remain 
trapped in the bound mode and the guided-wave will propagate unattenuated 
along the length of the waveguide. In reality, it is impossible to fabricate a 
perfect waveguide. In fact, all fabricated waveguides contain some form of 
im perfection and these can be divided into two broad categories, namely:
( a )  refrac tive  index varia tions due e.g . to com positional fluctuations 
within the volume of the waveguide, and
( b )  dim ensional fluctuations associated with variations in the width and 
height o f the waveguides (i.e. depending on whether it is a slab or a stripe 
w a v e g u id e ) .
O ther po ten tia l scattering  centres that are due to dust particles on the 
surface o f the waveguides during fabrication can generally be substantially 
avoided by carefu l cleaning  and fab rica tion  techn iques as described in 
Section 4.2. The fundamental loss mechanisms that are difficult to avoid will 
be treated in the following sections. They are scattering (in-plane and out- 
of-plane), absorption, and interm odal scattering. M easurem ents o f in-plane, 
out-of-plane, and interm odal scattering are presented in the follow ing three 
s e c tio n s .
A bsorption losses can be practically  ignored in optical devices in 
large bandgap ferroelectric m aterials such as LiNbC>3 and LiTaC>3 and this loss
m echanism  generally  m anifests itse lf  m ore in sem iconductor w aveguides. 
V arious resea rch ers  have attem pted  to m easure  abso rp tion  losses in 
T i:L iN b C >3  waveguides and found the figures to be very low, less than 0.1
db/cm  [5.34, 5.35]. Therefore for all the PE waveguides fabricated, it was 
assumed that the absorption loss was very low and hence could be ignored.
171
5.6.3,2 In term odal S ca tte ring
Interm odal scattering can be defined as the scattering o f light from 
one guided mode into another. For example, light that is scattered out of the 
T E q (or TM q) mode into the TEj (or T M j) mode o f a planar waveguide.
Physically , the scattering m echanism s m ust satisfy the follow ing condition: 
part o f the optical energy must match to the second or higher order modes 
a n d
For all the multimoded PE slab waveguides tested, it was observed that 
som e interm odal scattering was present. M easurem ents o f the intermodal 
scattering  consisted o f focusing the modal lines, comm only known as m- 
lines, using a cy lindrical lens o f focal length 4 cm on to a silicon 
photodetector system  (Com plete description o f the photodetector system can 
be found in Section 6 .3.2.3). Table 5.5 summ arizes the m easurem ents taken 
for various PE X- and Z-cut LiNb0 3 . The results did not compare favourably 
with those obtained for Ti:LiNbC>3 . The conclusion that can be drawn from 
the m easurem ents is that intermodal scattering is more serious in the case of
PE slab waveguides fabricated using concentrated benzoic acid melts. Figure
5.16(a) to (d) show a num ber o f m -lines and the intermodal scattering seen 
in m ultim oded PE X- and Z-cut slab waveguides fabricated by concentrated 
benzoic acid melts. The slab PE waveguides evaluated were not thermally 
annealed. It is expected the intermodal scatterings of the slab PE waveguides 
can be reduced  by su itab le  therm al annealing . H ow ever, interm odal 
scattering can be easily elim inated by using single-m oded waveguide. Since 
most guided-wave optic devices to be used in systems applications are single- 
moded, this problem can in principle be eliminated.
Single-m oded slab waveguides in general can support either the TEq
or TMq modes. In the case of PE X- and Z-cut slab waveguides, only the TE0  
and the TMq modes respectively are supported. However, it was noticed in
Excited Mode Intermodal Scattering Level (dB) 
Mode 0 Mode 1 Moae2
0 0 -12.2 -9.2
1 -11.2 0 -12.2
2 -9.9 -11.1 0
(a) 2.5H, 200° C
Excited Mode Intermodal Scattering 
Mode 0 Mode 1
Level (dB) 
Moae2
0 0 -10.3 -8.8
1 -9.2 0 -10.3
2 -7.0 -8.8 0
(b) 8H, 200’C
Table 5.5 Summary Of Measured Intermodal 
Scattering Levels (Cone. Melts)
(a) For PE X-Cut LiNb03
(b) For PE Z-Cut LiNb03
Figure 5.16a Photograph Of Inter-Modal Scattering
For PE X-Cut L iN b03 (1 H, 245°C) - TE0
Figure 5.16b Photograph Of Inter-Modal Scattering
For PE X-Cut L iN b 03 (1 H, 245°C) - TE2
Figure 5.16c Photograph Of Inter-Modal Scattering
For PE Z-Cut L iN b03 (3 H, 235°C) - TM 0
Figure 5.16d Photograph Of Inter-Modal Scattering
For PE Z-Cut L iN b 03 (3 H, 235°C) - TM 2
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some PE slab waveguide measurements that a second faint set of m-lines was 
observed along with the regular m -line pattern. At first it was thought that 
the faint second m -line pattern was a reflection o f the main m -line pattern. 
On checking the polarisation o f the faint m -line pattern, it was found that 
they were o f the opposite polarisation to that o f the m ain m -line pattern. 
The p resence o f the fain t second m -line pattern  was discovered to be 
strongly affected by the pressure applied to the input- and output-coupling 
ru tile  prism s. The difference in intensity of the actual and faint m -line 
patterns generally ranged from 25 dB to 35 dB. By very careful coupling of 
the prism s, it was possible to elim inate the ’ghost' m -line pattern altogether.
5.6.3.3 O ut-o f-P lane S c a r ring
O ut-of-p lane  scattering  can be thought o f as a process which 
in v o lv es  in te rm oda l sca tte r in g  betw een  gu ided  and rad ia tio n  m odes. 
However, in this case, scattering takes place between a guided mode and an 
unguided or radiation mode. The fact that it is possible to see, at visible 
w avelengths, a guided-wave as a streak of light in the waveguide is direct 
evidence that the w aveguide is losing optical energy by radiation. By 
m aking the assum ption that the pow er o f the scattered light is proportional 
to the optical pow er of the guided light, it is possib le to m easure the 
contribution o f out-of-plane scattering to propagation loss using a vidicon 
c a m e ra /m o n ito r system .
To m ake the out-of-plane scattering m easurem ent, first of all, the 
guided mode was optim ised by careful adjustm ent o f the sychronous angle 
with the assistance o f a photodetector and oscilloscope as described in Section 
5.4.2. The scattered light streak on the substrate was then imaged on a 
m onitor using a Hamamatsu vidicon camera. The light intensity at any point 
along the streak could be m onitored with the aid o f the line scan option 
available on the Hamamatsu C1000 controller unit. This technique has also
173
been  ex ten s iv e ly  used by o th er resea rch ers  to m easure  ou t-o f-p lane
scattering losses in ion-exchanged waveguides in soda-lim e glass waveguides 
[5.36].
A vidicon camera system was used to measure propagation losses of a 
num ber o f single-m oded PE slab waveguides. The results from such a study 
are summarized in Tables 5.6(a) and (b). It can be seen from the results that 
no c lear rela tionship  betw een propagation loss and fabrication  conditions 
could be identified for measurem ents at X =  632.8 nm and X =  1150 nm. The 
m easured propagation losses for single-m oded X- and Z-cut PE waveguides
were between 1.3 dB/cm and 2.8 dB/cm and between 2.4 dB/cm and 4.8 dB/cm 
respectively. This maybe compared to the value o f 0.5 dB/cm for X-cut PE
L i N b 0 3  waveguides quoted by other researchers [5.37, 5.38, 5.39] where
therm ally annealing was employed by two research groups to realise the PE
waveguides used in the reported studies [5.38, 5.39].
Other methods o f m easuring propagation losses include the two and
the three p rism -coupling  techniques [5.40, 5 .41]. Using either of the
m ethods m en tio n ed , the  in d iv id u a l m ode sc a tte r in g  and in term odal
scattering losses can, in principle, be routinely m easured. However due to
the requirem ent for the two prism -coupling  technique that the coupling 
efficiency o f the output prism has to be m aintained at the same level for
each m easurem ent during movement o f the output prism with respect to the
input prism , a th ird  prism  is in troduced in the three prism  m ethod to
elim inate this problem .
Propagation loss m easurem ents using the two prism -coupling method 
were also made in the present work. An input prism was used to couple light 
into the waveguide to be measured and an output prism was then used to
couple light out from the waveguide. The output prism was located as far
from the input prism as possible. The exact distance between the two prisms
was then measured. A cylindrical lens with a focal length o f 4 cm was then
Fabrication Conditions Measured Propagation Loss
(dB/cm)
7 minutes, 160°C 2.2
5 minutes, 165°C 1.9
5 minutes, 170°C 1.3
3 minutes, 175°C 2.5
3 minutes, 180°C 2.8
(a)
Fabrication Conditions Measured Propagation Loss
(dB/cm)
20 minutes, 160°C 3.3
17 minutes, 165°C 2.4
15 minutes, 170°C 4.2
14 minutes, 175°C 4.0
13 minutes, 180*C 2.5
(b)
Table 5.6 Summary Of Out-Of-Plane Loss 
Measurements (Cone. Melts)
(a) For PE X-Cut LiNb03
(b) For PE Z-Cut LiNb03
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used to focus the optical energy o f individual m -lines on to a silicon 
photodetector system . The same experim ental arrangem ent as described in 
Section 5 .6 .3.2 was used to perform this m easurement. In order to establish 
the p ropagation  losses, the output ru tile  prism  was m oved successively 
tow ards the input prism , in small steps, and the separation and the optical 
pow er level m easurem ents were recorded each time. Figure 5.17(a) and (b) 
show a typical plot of such a measurement for an X-cut and a Z-cut PE sample 
respectively . From the plot of m easured guided-w ave pow er (norm alised 
against the maximum power value) as a function o f prism -separation (cm), 
the w aveguide propagation losses could be determ ined. Propagation loss
values obtained by the two prism -coupling method were in general higher 
(betw een 2.0 dB/cm to 5.0 dB/cm higher) when com pared to those values 
obtained using the Ham amatsu cam era/m onitor system . This can be easily 
attributed to the variations in the coupling efficiency o f the output prisms or 
the possibility  o f inaccurate estim ation o f background for substraction using 
the vidicon camera system. No attempts were made to use the three prism-
coupling  m ethod.
5 .6 .3.4 In -P lane  S ca tte rin g
In-plane scattering occurs in p lanar optical w aveguides [5.42, 5.43,
5.44, 5.45]. It is typically caused by the following:
( a )  refractive index fluctuations and
( b )  su rface  roughness.
The m easurem ent o f in-plane scattering levels in a slab waveguide was based 
on the assum ption that the scattered laser light and the unscattered light 
could both be collected by the output rutile prism coupler. To perform a fair 
com parison o f the in-plane scattering levels o f slab w aveguides fabricated 
by titanium  indiffusion, PE and DMPE, the distance between the input and
Power (dB)
-0.39104x R= 0.956771.4602
4 5 6 7 8 9 10
Prism Distance (mm)
Figure 5.17a Plot Of Propagation Loss Measurement 
For PE X-Cut LiNb03 Sample 
(0.5 H, 200°C)
Power (dB)
-1.0396X R= 0.914291.9059
3 4 5 6 7 8 9 10 11
Prism Distance (mm)
Figure 5.17b Plot Of Propagation Loss Measurement 
For PE Z-Cut LiNb03 Sample 
(0.8 H, 200°C)
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output prism s was always kept constant, i.e. 1 0  mm in all m easurem ents 
reported in this thesis.
The equipm ent used to m easure the in-plane scattering levels of the 
waveguides includes a scanning silicon photodetector with a 5 pm  slit in the 
front of the active detector area, an EG&G lock-in am plifier and an HP 9816 
com puter. The d istance  betw een the ou tput prism  and the scanning 
photodetector was always kept at a constant distance o f 40 mm. This was 
again to ensure that all the results could be compared fairly.
R e su lts  o b ta in e d  by m ea su rin g  w av e g u id es  u n d e r d iffe re n t 
fabrication conditions (tem perature of bath ranging from 160°C to 235°C, and 
im m ersion tim es in m olten benzoic acid ranging from 0.5 hour to 5 hours)
in d ica ted  th a t the in -p lane  sca tte rin g  in ten sity  leve ls  w ere generally  
between 10 dB and 17 dB for a scattering angle of 0.5° in the waveguides. 
Table 5.7 summarizes all the in-plane scatter results. As can be seen from the
table, the results gave no regular trend. Figure 5.18(a) and (b) show typical
m -line scans for X-cut and Z-cut PE LiN b0 3  samples, respectively. The in­
plane scatter results indicate that the slab PE w aveguides fabricated using 
concentrated benzoic acid m elts in both X- and Z-cut LiNbC>3 were at best 
comparable to those reported for slab Ti:LiNb0 3  waveguides [5.42, 5.43, 5.45]. 
T herefore PE w aveguides (w ithout therm al annealing) are not suitable for
applications such as for use in the in tegrated  optical spectrum  analyser 
[5.44].
5.7 M easurem ents on Slab W aveguides Formed bv Proton-Exchange
using Diluted Benzoic Acid Melts
5.7.1 W aveguide R efractive Index M easurem ents
The prism -coupling technique was again em ployed to evaluate the 
optical characteristics o f the w aveguides form ed. All m easurem ents were
Exchange Time, 
Hours
TE0,
dB
TE1f
dB
te2,
dB
te3,
dB
0.5 10 12 9 8
0.75 14 11 13 15
1.0 12 14 11 7
(a)
Exchange Time, 
Hours
TM0,
dB
TMi,
dB
tm2,
dB
tm3,
dB
1.0 13 14 11 -
1.5 12 11 9 10
2.0 11 12 11 14
(b)
Table 5.7 Summary Of In-Plane Scattering Results 
(For An In-Plane Angle Of 0.5°)
(a) X-Cut, 235°C,X= 632.8 nm
(b) Z-Cut, 235°C,A = 632.8 nm
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carried  out at a w avelength  o f 632.8 nm. It was again confirm ed 
experim entally that only TE or TM modes were excited in DMPE waveguides 
form ed in X- and Z-cut L iN b0 3  respectively. The choice o f propagation 
direction for the X-cut and the Z-cut LiN b0 3  substrates were along the Y-
direction and the X -direction respectively.
Again the effective refractive index (neff) of each measured TE or TM
mode was calculated from the m easured m ode-angle values. These values
were then used as data input for a com puter program  based on the WKB
approxim ation which estim ates the shape of the refractive index profile of
the m easured w aveguide. This technique is com m only known as IWKB
technique [5.2, 5.3] and has been discussed in Section 5.2. The program
calculates the surface refractive index and the waveguide depth at which the 
n eff va u^e becomes equal to the local refractive index.
Figures 5.19 and 5.20 show the step-like refractive index profiles (An
= 0.12) of DMPE waveguides fabricated in X- and Z-cut LiNbC>3 respectively.
The fabrication conditions for these waveguides are given in the two figures. 
In genera l, all the w aveguides form ed with 0.5%  or 1.0% dilu tion  at 
tem perature 235°C or 245°C were found to have step-index profiles and a An of 
0 . 12.
Figure 5.21 shows a plot of the optically estim ated diffusion depth 
versus ( t i m e ) ^  for X- and Z-cut LiNbC>3 with dilutions of 0.5% and 1.0%, at a
tem perature o f 235°C. Assuming that the proton source concentration did not 
vary during the exchange process, the diffusion coefficient D(T), evaluated
at T=235°C, can be calculated from the gradient of the four curves. The values 
o f the diffusion coefficients, at the two given dilutions and for X- and Z-cut 
samples, are given in Table 5.8. In addition, these values were compared to 
diffusion coefficients obtained by pure benzoic acid exchanges. These values 
were derived from Equations 5.47 and 5.48 at the appropriate tem perature.
The results indicated that for X-cut LiNbC^, when the PE was performed using
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Figure 5.19 Refractive Index Profiles For An X-Cut 
Sample Exchanged For 18 Hours At 
235°C (1% Dilution)
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a m elt dilution o f 0.5% and 1%, the process was slowed by 5 and 10 times 
respectively. As for PE waveguides formed in Z-cut LiNbC>3 using a melt
d ilu tion  o f 0.5%  and 1.0%, the process was slow ed by 3 and 6  times 
respectively . The above results im plied that by proper d ilu tion  o f the 
benzoic acid, there would be a better control over the optical characteristics
o f the fabricated waveguides.
A fter studying the diffusion properties o f the DMPE process, the 
op tica l p ro p ertie s  o f the w aveguides w ith a d ilu tio n  o f 0.5%  were 
investigated, with exchange times between 1 and 18 hours and a temperature 
o f 235°C. Figures 5.22 and 5.23 show sets o f dispersion curves obtained
theoretically  (assum ing a step index profile) and experim entally for both X- 
and Z-cut samples respectively. From these plots, the various cutoff depths
for each waveguide mode in the range TEq-TE^ and TM 0 -T M 5  can be estimated
and are given in Table 5.9.
5.7.2 W aveguide Stability Study
The s tab ility  o f m easured ng ff versus tim e was studied, since
previously discussed results on w aveguides fabricated by pure benzoic acid
indicate that a relaxation o f nef{. occurs after fabrication. Figures 5.24 and
5.25 show the results of such a study, lasting about 10 months, for dilute melt 
X-cut and Z-cut LiNb0 3  waveguide samples respectively. As can be seen from 
the plots, there appears to be no measurable aging of neff with time. Thus, it
can be deduced that the dilute melt process produces more stable waveguides 
when com pared to the w aveguides fabricated by concentrated benzoic acid 
m elts (w ithout therm al annealing).
5.7.3 Propagation Loss M easurem ents
Propagation loss m easurem ents were m ade on various single-m oded
X-cut and Z-cut samples fabricated at different dilutions and tem peratures.
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ModeNumber
0
1
2
3
4
5
6
ModeNumber
0
1
2
3
4
5
Cutoff Depth (|im) 
0.40 
0.87 
1.23 
1.64 
2.04 
2.60 
2.96
(a)
Cutoff Depth (jim) 
0.34 
0..88 
1.20 
1.71 
2.26 
2.54
(b)
5.9 Table Of Cutoff Depth For Each TE/TM Mode
(a) For X-Cut DMPE LiNb03 (TE)
(b) For Z-Cut DMPE LiNb03 (TM)
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As in Section 5.6.3, the absorption loss was assumed to be negligible, and
hence the propagation  loss was a ttribu ted  com pletely to scattering  loss.
These m easurem ents were obtained as described in Section 5.6.3, i.e. using
the two prism -coupling technique and by im aging the scattered light of the 
p ropagating fundam ental w aveguide mode on a v isib le  w avelength vidicon 
cam era un it (H am am atsu w ith C1000 contro l unit) and d isp lay ing  the
scattered light signal on a TV monitor.
It was found that the measured propagation losses range between 0.5
dB/cm and 1.0 db/cm at 632.8 nm, although these figures are of the same
order as the m easurem ent accuracy. The losses m easured using the two
prism -coupling technique in general were found to be slightly higher than 
those m easured using the vidicon imaging system. Also, in general, the out-
of-plane scatter losses of DMPE waveguides were low. This was experienced
directly when, in some situations, it was im possible to m onitor the scattered
laser light streak. In these cases, it is believed that the losses were definitely 
less than 0.5 dB/cm. However, no clear relationship betw een propagation
and fabrication conditions could be established. The only conclusion that
could be drawn from this study was that the m easured losses for the X-cut 
samples appeared to be slightly lower than for the Z-cut samples (Table 5.10). 
Hence to properly m easure propagation losses o f DMPE waveguides, more 
accurate loss m easurem ent techniques will have to be devised. Due to
lim itation in research time, no attempts were made in this area.
5.7.4 Optical Damage Effects
No optical damage effects were observed in dilu te m elt PE X-cut 
L iN bO g  slab waveguides using a 5 mW HeNe laser operating at 632.8 nm. The
estim a ted  m axim um  op tica l pow er density  p ro p ag a ted  by the above 
waveguides (typical depth o f waveguides are in the range 0.85 pm  to .94 p m ) 
at 632.8 nm was about 40 kW /cm ^. Sim ilar optical damage studies were
Fabrication Conditions Measured Propagation Loss
(dB/cm)
5 minutes, 0.5% 1.0
6 minutes, 0.5% 0.7
7 minutes, 0.5% 0.9
10 minutes, 1.0% 0.8
12 minutes, 1.0% 0.8
14 minutes, 1.0% 0.5
(a) 235° C
Fabrication Conditions Measured Propagation Loss 
(dB/cm)
7 minutes, 0.5%
9 minutes, 0.5%
11 minutes, 0.5% 
18 minutes, 1.0% 
20 minutes, 1.0% 
22 minutes, 1.0%
1.8
1.5 
0.8
1.5 
1.2 
0.9
(b) 235° C
Table 5.10 Summary Of Out-Of-Plane Loss 
Measurements
(a) For DMPE X-Cut LiNb03
(b) For DMPE Z-Cut LiNb03
1 7 9
carried  out in X-cut T i:L iN b03  slab waveguides and they were found to 
damage easily at the same optical power density o f 40 kW /cm ^. Further 
experim ents using an argon-ion laser operating at 514.5 nm were carried out 
using the same waveguides that were studied at 633 nm. It was found again 
that no optical damage effects were observed up to a power density of 3 5 . 2  
k W /c m ^  (Figure 5.26). In both experiments, the same laser beam width was 
used (1.5 mm). Also, a lock-in am plifier was employed to reduce possible 
effects caused by external perturbation on the photodetector. The results 
obtained here were comparable to those reported by Jackel et al [5.46], who 
reported no optical damage effects at average optical power densities of 1 0  
k W /c m ^  at a wavelength of 620 nm.
5.7 . 5___ A nnealing  E xperim en ts
Some annealing experim ents were carried out for both X- and Z-cut 
samples. As an example of this study, the mode angles of the two DMPE 
sam ples were m easured prior to annealing for 5 hours, at each o f 1 0 0 °C , 
2 0 0 °C, and 280°C. The mode angles were remeasured for each case and the 
resu lts  are sum m arized in Table 5.11. The resu lts ind icate  that the 
w aveguides fabricated  were unaffected  by annealing tem peratures o f less 
than 200°C. The general conclusion o f this study is that the refractive index 
o f DMPE waveguides is not significantly m odified provided that they are not 
p laced in an environm ent with a tem perature greater than the fabrication 
m elt tem pera tu re .
5.7.6 In-P lane and Interm odal Scattering  M easurem ents
The in-plane scattering o f the DMPE w aveguides was again studied 
using a scanning photodetector and a lock-in am plifier arrangem ent [5.42]. 
For all the mode line scans, the photodetector (with a 5 nm  slit) was placed at 
a distance of 40 cm away from the output rutile prism. The distance between
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the input and output prism s was always 10 mm. R esults obtained by
m easuring w aveguides form ed under d ifferen t fabrica tion  conditions (i.e., 
0.5% or 1.0% dilution and 235°C or 245°C) ind icated  that the scattering 
intensity  levels were generally between 23 dB and 30 dB for a scattering
angle o f 0.5° in the waveguides. The best measured in-plane scatter value to 
date is lower than -35 dB at 0.5° and this is shown in Figure 5.27. Figures 
5.28(a) to (d) illustrate four plots o f each of the m ode-lines of a typical
waveguide fabricated in X-cut LiNbC>3 for 6  hours at 235°C with a dilution of
1.0%. In general, there is no observed im provem ent in the measured in­
p lane  sca tter loss values with changes in the percen tage d ilu tion  and 
tem perature of fabrication. This is best described by Table 5.12 and Table 5.13 
which show m easured in-plane scatter levels o f X-cut and Z-cut substrate 
fabricated in a 1.0% diluted melt bath at 235°C. Here the only variation is the 
tim e of exchange.
In the case o f in term odal scattering  levels ob tained  on DMPE
w aveguides, it was found that in general the waveguides have between 1 0  
and 18 dB lower levels than those obtained for waveguides made by CMPE. In 
a num ber o f cases, especially DMPE waveguides formed on X-cut substrates, 
the output m-lines, as seen by the human eye, consisted of ju st a very bright 
central m -line spot for a single-m oded DMPE waveguide. This therefore 
again indicates the high quality of the DMPE waveguides.
5.7.7 E lectro-O ptic A ctivity Study using M ach-Zehnder Interferom eters
A num ber o f M ach-Zehnder in terferom eters (M ZI) were fabricated 
in X-cut LiNbC>3 using dilute (1.0%) benzoic acid melts at 235°C for exchange
tim es ranging from 15 m inutes to 45 m inutes. The detailed  fabrication 
procedure for the device has been described in Section 4.3.4. The Mach- 
Zehnder in terferom eters had a w aveguide w idth o f 4 p m  and an active 
interaction length of 8  mm. Figure 5.29 shows the MZI used in this study.
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Exchange time, 
hours
TEo,
dB
TE1?
dB
te2,
dB
te3,
dB
te4,
dB
te5,
dB
18.0 22 21 23 29 26 25
11.0 30 30 29 29 27 —
6.0 29 29 28 28 — —
Table 5.12 Measured In-Plane Scattering Levels 
Of X-Cut DMPE Waveguides 
(In-Plane Angle= 0.5°, 235°C,X= 632.8 nm)
Exchange time, 
hours
TM0,
dB
TM1f
dB
tm2,
dB
tm3,
dB
tm4,
dB
18.0 28 27 23 21 18
11.0 21 27 28 30 —
6.0 27 24 27 — —
Table 5.13 Measure In-Plane Scattering Levels 
Of Z-Cut DMPE Waveguides 
(In-Plane Angle= 0.5°. 235°C,X= 632.8 nm)
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The design of the travelling-w ave device was carried out by Parsons [5.47],
Previous devices made from this mask with titanium  indiffused waveguides 
were found to have a measured voltage requirement of 1 . 8  volts at X q =  830
nm [5.48].
Figure 5.30 shows a schematic of the experim ental arrangem ent used 
to m easure the o f the fabricated DMPE MZI. The dilute melt proton 
exchange devices were tested and the m easured voltages were between 1.7 
volts and 2.5 volts. Figure 5.31 shows an oscillogram of such a result. These 
resu lts  suggested  that the e lec tro -op tic  activ ity  in d ilu te  devices was 
preserved alm ost com pletely. The reason for the variations in the measured 
V jj voltages in some MZI devices was found to be due to misalignment of the
electrode patterns with respect to the MZ waveguide patterns due to the 
d ifficulty  in the alignm ent process with a buffer layer over the waveguide. 
Som e un in ten tiona l annealing  o f the w aveguides was alm ost certain ly  
perform ed, since in the process o f realising the dilute m elt devices they 
underw ent a stage which involved the deposition  o f SiC>2 by a pyrolitic 
chem ical vapour deposition (CVD) technique. The tem perature of the CVD 
process was 400°C  and the samples were in the reaction cham ber for 15 
m inutes. This resulted in a 200 nm thick SiC>2 buffer layer. Inevitably, this 
stage was bound to have some effect on the waveguide mode structure. In 
view  o f th is, linear optical field  in tensity  p lots were obtained using a 
com puter interfaced vidicon cam era system . The m easured 1/e width and 
depth o f the MZI was found to be 5.3 |im  and 3.4 p.m respectively (Figure 5.32) 
which indicated that the CVD process had a significant effect on the mode 
profiles o f the fabricated stripe waveguides. The above m easured values 
were sim ilar to those obtained for the titanium indiffused MZI [5.48].
Hence by using the DMPE process of waveguide form ation and the 
pyrolitic CVD technique of SiC>2 deposition, electrooptically active devices in 
L iN bC >3 with good performance can be successfully realised. However it must
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Figure 5.31 DC Response (Y-axis: 0-100%) Plotted 
Against Applied Voltage (X-Axis) For 
An IO MZI Realised By DMPE (1% 
Dilution, 0.75 Hours At 245°C) 
Measured V7r= 1.7 Volts
At A= 830 nm
Measured 1/e width 
Measured 1/e depth
5.3 fxm
3.4 fxm
Figure 5.32 Linear Field Intensity Plot For
An IO MZI Realised By DMPE 
(1% Dilution, 0.75 Hours At 245°C) 
Measured V7r= 1.7 Volts
At A= 830 nm
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be pointed out that due to the large An change after annealing at 400° C for 
15 minutes in the CVD reactor, it was found that the repeatable realisation of 
single-m oded stripe w aveguides was very d ifficu lt. In view  o f this the 
author has embarked on the realisation of PE MZI devices using LiTaC^ [5.49].
It was found that the realisation o f single-m oded w aveguides in PE X-cut 
L iT a O g  at the same temperature of 235°C was easier to achieve since An was
equal to 0.02. This activity is not reported here since it is beyond the main 
aim of this thesis.
13____Summary
Results of the m easured slab Ti:LiNbC>3 waveguides, used as control
sam ples in all titanium  deposition runs for the eventual realisation o f optical
phase m odulators, indicated that there were small variations in the runs with
the sam e m easured  in itia l titan ium  th icknesses . H ow ever the 3-9% 
variations in the A neff results did not m erit any further investigations.
The experimental results for the slab PE waveguides realised by using 
concentrated benzoic acid melts in X- and Z-cut LiNbC>3 can be summarised by
the follow ing points:-
(1 )  The refractive index profiles of all the PE waveguides fabricated were
s te p - l ik e ,
(2 )  The m easured n v a l u e s  were found to decrease with time (over a
period o f 7 months),
(3 )  The An was found to be about 0.12 and 0.096 at 632.8 nm and 1150 nm
respectively for both cuts,
(4 )  The general re la tionsh ip  o f d iffu sion  depth w ith (tim e ) ^ - 5  and 
tem perature was established to be linear (Equations 5.47 and 5.48),
(5 )  In term odal sca tte rin g  was observed  and m easured  fo r the PE
w aveguides and found to be at best com parable to the results reported for 
T i:L iN b03,
( 6 ) The m easured propagation losses for single-moded X-cut and Z-cut PE 
waveguides were between 1.3 and 2.8 dB/cm and between 2.4 and 4.8 dB/cm 
respec tive ly , and
(7 )  In-plane scattering levels of 10-17 dB for a scattering angle o f 0.5° in 
the  w aveguides w ere m easured. These resu lts  ind ica ted  that the PE 
w aveguides were no better than those form ed by titanium  indiffusion for 
sim ilar crystal cut.
The resu lts  from  the o p tica l p ro p ertie s  o f  p ro ton  exchange 
waveguides fabricated by dilute (0.5% or 1.0%) benzoic acid m elts indicated 
the follow ing:
(1 )  The refractive index profile was still found to be step like with a An 
of 0.12 measured at 632.8 nm for both cuts,
(2 )  The neff values were measured to be stable over a period of 10 months 
(i.e. the m onitoring period),
(3 )  The diffusion coefficients for the DMPE process were three to nine 
tim es sm aller than those for the concentrated PE process depending on the 
cut o f the crystal (i.e. X- or Z-cut),
(3 )  A n n ea lin g  e x p e rim e n ts  su g g ested  th a t the  w av eg u id es  w ere 
unaffected by tem peratures as high as 200° C over a period of 10 hours,
(4 )  The m easured propagation  losses o f the DM PE w aveguides were 
between 0.5 dB and 1.0 dB and in some waveguides, especially those realised 
in X-cut substrates, the propagation losses were so low as to be impossible to 
m easure w ith the present equipm ent,
(5 )  In-plane scattering results were obtained and the m easured values 
indicated that there was a 10 dB to 20 dB improvement over those realised by 
concentrated  PE,
( 6 ) The interm odal scattering levels were about 10-18 dB low er than 
those m easured for CM PE w aveguides. In som e single-m oded DMPE
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waveguides, especially in X-cut substrates, only a bright spot was visible as 
the output m -line.
As can be seen from the above comparisons o f waveguides formed by 
concen tra ted  PE (CM PE) and DM PE, it is defin ite ly  desirab le  to have 
waveguides realised by DMPE. However, due to the lim itation in time and
effort, no optical phase modulators were realised by DMPE.
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CHAEEEB6
EXPERIMENTAL RESULTS OF THEOPTICAL SERRODYNE 
FREQUENCY-TRANSLATQRS
6 . 1  I n t r o d u c t io n
The key com ponent for the optical frequency translation  experim ents 
is the optical phase-m odulator. The design o f the phase-m odulator is 
described in detail in Section 6.2. The choice of the optical waveguide widths 
and the types o f electrode structure are highlighted.
The experim ental arrangem ent used to evaluate  the stripe  optical 
waveguides and eventually the phase-m odulators is described in Section 6.3. 
A M ach-Zehnder in terferom eter configuration incorporating  a Bragg-cell to 
g ive heterodyne m easurem ents was chosen to ensure  that positive  and 
negative sidebands generated by the optical frequency translation  process 
could be studied effectively. The heterodyne detection process using PIN 
silicon photodiodes and/or avalanche silicon photodiodes was also studied.
R esults o f optical phase-m odulators realised m ainly in Y-cut LiNbC>3 , 
together with some results for m odulators realised in Z-cut Ti:LiNbC>3 and X- 
cut PE LiNbC>3 , are presented in Section 6.4. In all the experiments the 
wavelength o f operation was 632.8 nm. The electrical and optical properties 
o f  the phase-m odulators are also presented. F inally  the results of the 
serrodyne experim ents are presented in detail for all the above devices.
6.2 Design o f the Optical Phase-M odulators
6 .2 J  Introduction
In this section, the procedures employed to design the optical phase- 
m odulators are described in detail. Phase m odulation is a fundam ental 
electrooptic property which is widely used in electrooptic devices, such as 1 0
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M ach-Zehnder in terferom eters and optical directional coupler sw itches. In 
order to understand this effect better, the electrooptic effect in LiNbC^ is
described in the next section. Next, the theoretical performance of an optical
phase-m odu la to r is ca lcu la ted . F inally , the co rrec t cho ice o f optical 
waveguide widths for single mode operation at the operating wavelength of 
633 nm and the corresponding electrode pattern are described.
6.2.2 The Electro-Optic Effect
The linear electro-optic effect (or Pockel's effect) is a fundamental 
property o f non-centrosym m etric crystals in which an electric  field applied
across the  c ry s ta l w ill change the re frac tiv e  index o f  the crysta l
proportionately  [6.1]. This property form s the basis for contro lling  the 
phase o f an optical beam in the LiNb0 3  devices reported in this thesis.
The refrac tive  ind ices o f a general c ry sta lline  m ateria l can be 
represented by the indicatrix or index ellipsoid [6 .2 ]:
(X /n x ) 2  + (Y/ny ) 2  + (Z/nz ) 2  = 1, (6 .1 )
w here n x , ny , and nz are the refractive indices for the principal x, y, and z 
axes o f the crystal respectively. For a uniaxial crystal such as LiNb0 3 , it can 
be described by an ellipsoid, as illustrated in Figure 6.1, and can be expressed 
as:
(X /n 0 ) 2  + (Y/no ) 2  + (Z/ne ) 2  = 1, (6 .2 )
using Equation 6.1. By definition, the optic axis is parallel to the Z-axis.
W ith electric field com ponents Ex , Ey , and Ez applied to the crystal,
the index ellipsoid can be described in the form:
(X /n 0 ) 2  + (Y/n0 ) 2  + (Z/ne ) 2  + (X/n j x ) 2  + (Y/ny y ) 2  + (Z/n2 z ) 2  +
191
+ 2 [l/(n yz)2]YZ + 2 [l/(nxz)2]XZ + 2[ l/(nxy)2]XY = 1 (6 .3 )
Equation 6.3 can be expressed in matrix form as:
!/<»**>
f
r l l
\
r l 2 r l 3
l / ( n yy)2 r 2 1 r2 2 r2 3
l / ( n zz)2 r 3 1 r 3 2 r 3 3
l / ( n yz)2 r 4 1 r 4 2 r4 3
l / ( n xz)2 r 5 1 r 5 2 r 5 3
, l / ( n zv)2 , ^r 6 1 r 6 2 r63J
The above 6 x 3  matrix in r^ , the electrooptic coefficients, is known as the
electrooptic tensor, where i is between 1 and 6  and j is between 1 and 3. 
S ince L iN bO g has 3m symmetry, the electrooptic tensor in m atrix form is
[6.3]:
'  0 ~ r22 r l 3
0 r22 r l 3
0 0 r 3 3
0 r 5 1 0
r 5 1 0 0
l ~ r 22 0 0
It is im portant to distinguish betw een "free" electrooptic coefficients
T(r.j) i.e. measured under constant stress or at low frequencies and "clamped"
o
elec troop tic  coeffic ien ts (r-j) i*e. m easured under constant strain or at high 
frequencies. Below the acoustic resonance frequencies there is a large
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contribution from the photoelastic effect which may be o f the same order of 
m agnitude as the electrooptic effect. Researchers have found that the upper 
frequency for the photoinduced or photoelastic effect is appproxim ately 50 
MHz [6.4].
Table 6.1 shows the electrooptic coefficients for LiNbC>3 in units of 
pm/V at X =  633 nm and at room tem perature. The low and high frequency 
e lectrooptic  coeffic ien ts were m easured by Bernal [6.5] and Turner [6 .6 ] 
r e s p e c t iv e ly .
The basic equations that are required to predict the effect of applied 
electric fields in LiNbC>3 are now available. The work reported in this thesis
employed the following crystal cuts, directions o f propagation, and choice of 
TE or TM modes:
( a )  X-cut, Y-propagating, TE modes,
( b )  Y-cut, X-propagating, TE modes, and
( c )  Z-cut, Y-propagating, TM modes.
In order to calculate the refractive index change when an electric field is
applied, the num erical values o f the electrooptic  tensor o f LiNbC>3 were
substituted in Equation 6.4. In all the experim ents reported in this thesis, 
p re d o m in a n tly  E z electric fields were applied to  the above crystal cuts.
Therefore the follow ing equations applied:
(6 .5 )
l / ( n y y ) 2 = r1 3 E z (6.6)
(6 .7 )
l / ( n y z ) 2  =  0 ( 6 . 8 )
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l / ( n M)2 = 0 (6.9)
l / ( n x y ) 2  = 0  ( 6 . 1 0 )
By substituting Equations 6.5 to 6.10 into Equation 6.3, the new index ellipsoid 
is:
(X /n 0 ) 2  + (Y/no ) 2  + (Z/ne ) 2  + (X)2 r 1 3  Ez +
( Y ) 2 r 1 3 E z + ( z ) 2 r 3 3 E z =  1 ( 6 . 1 1 )
F or Cases (a) and (c), the X-Z cross-section o f the index ellipsoid 
(described by Equation 6.11) only is considered. Therefore in this situation, 
Y=0, to give the ellipse in the X-Z plane as:
(X /n 0 ) 2  + (Z/ne ) 2  + (X)2 r 1 3  Ez + ( Z ) \ 3  Ez = 1 (6 .12)
For Case (b), the Y-Z cross-section o f the index ellipsoid (described by 
Equation 6.11) only is considered. Therefore, in this case, X=0, to give the
ellipse in the Y-Z plane as:
(Y /n 0 ) 2  + (Z /n e ) 2  + (Y)2 r 1 3  Ez + (Z)2 r3 3  Ez = 1 (6 .13 )
Equations 6.12 and 6.13 can be rewritten to describe the indices seen by TE
and TM modes for the above three cases (a), (b), and (c) as:
(X )2 ( l / n T M ) 2  + (Z)2 ( l / n T E ) 2  = 1, and (6 .14)
where ( l/n T M ) 2 = ( d / % ) 2  + r , 3  E J  and (l/n T E ) 2  = ( d / % ) 2  + r3 3  E J
(Y )2 ( l / n T E ) 2  + (Z)2 ( l / n TM )2= 1. and (6 .15)
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where ( V n ^ ^ ) 2  = [(l/n Q ) 2  + r 1 3  Ez] and (l/n ^ ) 2  = [(l/n e ) 2  + r3 3  Ez]
T herefore the change in the refractive index due to the applied
electric field E z in the cases o f (a) and (b) is:
a
n TE = ne " 33® z’ us*nS the binomial theorem.
AnTE = - (l/2 )ne3 r3 3 E z (6 .16)
T herefore the change in the refrac tive  index due to the applied
electric field E in the case o f (c) is: z
-3
n TM = ne " 3 3 ^ z ’ us*nS binomial theorem.
••• AnTM = '  ( 1/ 2 )ne3 r33E Z ( 6 1 7 )
6.2.3 Theoretical Performance o f a Lumped Electrode Type Optical
Phase M odulator
6.2.3.1 Phase M odulator Voltage Requirem ents
An in tegrated  optic phase-m odulator [6.7] consists, in its sim plest
form , o f a stripe  w aveguide (titan iu m -in d iffu sed  or p ro ton-exchanged)
which supports a single mode o f effective refractive index On either
side o f the waveguide are located the parallel electrodes o f length L separated
by a distance G, as shown in Figure 6.2. Applying a voltage V to the
e lec trodes causes a change in the w aveguide refrac tive  index via the
elec troop tic  effect. The e lectrooptically  induced change in the effective
refractive index An ^  [From Equations 6.16 or 6.17] is:
OPTIC AXIS
Y
Figure 6.1 Index Ellipsoid For A Uniaxial Crystal
LIGHT OUTPUT
JgHwc* *«0)l
WHERE 0<t) -KLV (t)ELECTRODES
LiNb03 CRYSTAL
LIGHT INPUT
l o e ^ cX
Ti-INDIFFUSED OR PROTON 
EXCHANGED OPTICAL WAVEGUIDE
Figure 6.2 Schematic Of The Integrated Optical 
Phase Modulator
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Aneff = '  (1/2) r  (neff ) 3  rij (V/G> <6 -18>
where r  is the overlap integral o f the electric  field with the waveguide 
optical mode and r^ is the relevant electrooptic coefficien t which depends
upon the L iN b0 3  crYstal orientation and the direction o f the applied electric
field. All the phase-m odulators described in this thesis utilised the largest 
diagonal electrooptic coefficient i.e. r3 3 . The total phase modulation A<j) for
this device is given by:
A<J> = Ap L = 2ti Aneff LA (6 .19)
By substitu ting  Equations 6.18 into 6.19, the phase m odulation induced is 
given by:
A* = - [it r  (ne f f ) 3  Fjj] (V/G) (L A ) (6 .20)
Therefore from Equation 6.20, the voltage required to produce a 2rc phase 
change is given by:
V 2lt = - (2 G X  )/[r (ne f f ) 3  r;j L] (6 .21)
The above equation was then employed to determine the design o f the phase-
m odulator used in all the serrodyne experiments. Figure 6.3 shows a general 
plot o f V 2 „ versus electrode gap for optical/electric fields overlap values of
0.25, 0.30, 0.35 and 0.40. Figure 6.4 illustrates a plot o f V2jt versus the overlap
factor for electrode gaps o f 9.0 pm , 10.0 pm  and 11.0 pm . For both the phase
m odulator design plots shown in Figures 6.3 and 6.4, the follow ing values 
were used: \ =  632.8 nm, 2.2125, r33= 30.8 pm/V and L= 10 mm. The actual
phase m odulators used in all the serrodyne experim ents had the following 
typical dimensions: G= 10.0 pm , L= 10 mm and optical waveguide widths= 4.0
 V(2PI-0.25) Volts
V(2PI-0.35)Vo»ts
V(2PI-0.30)Volts
V(2PI-0.40)Volts
0 2 4 6 8 10 12 14 16
Electrode Gap (micron)
Figire 6.3 Phase McxUator Design Plot: V2* Versus 
Electrode Gap (For Overlap Factor Values 
Of 0.25. 0.30. 0.35. 0.40)
V(2PI-G9micron) Volts
V(2PI-G1 Omicron)Volts
V(2PI-G11 micron) Volts
40
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o
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Figure 6.4 Phase Modulator Design Plot: V2tt Versus 
Overlap Factor (For Electrode Gaps Of
9 . 0  p m . 1 0 .0  p m . 1 1 .0  p m )
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|im  and 5.0 pm . Therefore from the phase m odulator design plots the voltage 
required for a 2jc phase change can range from 9 to 15 volts.
In addition the voltage-leng th  product required  for a 2 n  phase 
m odulation is given by:
lv2n L I = (2 G X )/[r (ne f f ) 3  ry ] (6 .22)
6 .2.3.2 Design o f Lumped Electrodes for Phase M odulator
The m aximum  frequency at which the serrodyne experim ents were 
carried  out was lim ited by the lim its o f com m ercially available sawtooth 
g en era to rs , i.e . the h ighest saw too th  frequency  was around 5 MHz.
T herefore  lum ped electrode m odulators were selected , since the use of 
travelling-w ave electrodes would involve ex tra and unnecessary fabrication 
procedures such as the fabrication o f thick gold electrodes.
The capacitance per unit length , C/L, fo r the coplanar, parallel 
electrodes on LiNb0 3 , illustrated in Figure 6.2, is given by [6 .8 ]:
C/L = (eeff/u )ln (4 W /G ) (6 .23)
where W is the electrode width, eeff-= (e0 )( l  +£s)» e o perm ittivity of
vacuum with a value of 8.854 X 1 0 '^  F/m, and es = (ex6 y ) ^ ^  with ex= 28 and
ey= 44 for m odulation frequencies below 50 MHz (ex and £y are the relative
perm ittivities for L iN bC ^).
As noted in the earlier part o f this chapter, LiNbC>3 has two sets of
perm ittiv ity  constants, nam ely "free" and "clamped" constants [6.9]. The
transition  from  "free" to "clamped" occurs at around 50 MHz. In the
"clam ped" s itu a tio n , e x is 29 and £y is 84 [6.4]. However, since all the
m odulation experiments performed in this work were below 50 MHz, only the
values for the "free" perm ittivity values were used.
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The phase-m odulator 3 dB bandwidth is given by:
Af = 1/(tcR C ) (6 .24)
for a given term ination resistance R across the lumped electrodes. Figure
6.5 shows a lumped electrode design plot o f phase m odulator bandwidth
versus ratio o f electrode width to electrode gap for electrode lengths of 1 0
mm, 15 mm and 20 mm and a termination resistance o f 50 f i .  For the designed
phase m odulator used in the serrodyne experim ents, the capacitance limited
bandwidth is 2.7 GHz.
A nother lim ita tion  to the bandw idth o f the phase-m odulator with 
lum ped electrodes is the electrical transit tim e Telec which is given by the
e x p re s s io n :
:elec = K*s1 / 2 L )]/c  (6 .25)
O
where c = 3.0 X 10 m/s is the speed o f light in a vacuum, and e s = 35 for 
L iN b 0 3.
The electrical transit tim e lim ited bandw idth A f o f the phase-m odulator is 
therefore given by [6 . 1 0 ]:
Af = 1/(tc xelec) (6 .26)
i.e . Af = c/[(jc) (es 1/ 2 .L )] (6 .27)
From Equation 6.27, it can be calculated that a L iN b0 3  phase-m odulator with a 
lum ped electrode has a transit tim e lim ited bandw idth-length product o f 1 . 6  
GHz-cm. Therefore for the designed phase m odulator used in the serrodyne 
experiments the transit time limited bandwidth is 1.6 GHz.
 Bandwidth-1 Omm (GHz)
 Bandwidth-15mm (GHz)
Bandwidth-20mm(GHz)
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Figure 6.5 Lumped Electrode Design Plot: Bandwidth 
Versus W/G (For Electrode Lengths Of 
10 mm, 15 mm, 20 mm)
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The voltage/bandw idth ratio (assum ing the capacitance lim it) for a 
2 k  phase m odulation can be derived by considering Equations 6.22, 6.23, and 
6.24:
V 2j[M f = {(2 R G X  eeff) [ln (4W /G )])/[r (ne f f ) 3  ry] (6 .28)
Figure 6 . 6  illustrates a plot o f X ^ /A f  against the overlap factor for an optical
phase m odulator at an operating wavelength o f 632.8 nm with the following
characteristics: R= 50 Q ,  W/G= 1.0, 2.5 and 5.0, neff= 2.2125 and ^ 3 = 30.8 pm/V.
For a typical phase m odulator used in the serrodyne experim ents with a 
typ ica l overlap  facto r value o f 0 .35, the v o ltag e(2 7 i)/b an d w id th  ra tio  
(assum ing capacitance limited case) is about 4 volts/GHz.
Finally, Auracher has pointed out that the ohmic resistance Re of the
electrodes can lim it the m odulation bandw idth o f an electrooptic  device
[6.11]. It was found that there can be a substantial reduction in bandwidth if 
R e > 5 £2/mm. However, for Re < 2 Q /cm , the m odulation bandwidth reduction
due to distributed resistance was estimated to be < 2 0 % even for an electrode 
length o f 10 mm. It can be deduced from Equation 6.25 that as (W/G) 
decreases, the capacitance decreases, and hence the RC lim ited m odulation
bandwidth o f the device increases as the width o f the electrode is decreased 
for a given electrode gap G. Assum ing that the electrode thickness is
constant, Re/L is increased as W decreases. This relation can be deduced from 
Equation 6.29. The theoretical ohmic resistance per unit length R e /L is
given by:
R e/L = p/(W Te) (6 .29)
where p is the resistivity o f the metal used to form the electrode pattern and
T e is the thickness o f the metal. Typically for a 2000 & th ick  alum inium
electrode  and assum ing a bulk resis tiv ity  value o f 2 .6 1 x 1 0 '^  Q m , the
 V(2PI)/Bandwidth(V/GHz)-2.5
 V(2PI)/Bandwidth(V/GHz)-5.0
V(2PI)/Bandwidth(V/GHz)-1.0
24
2 0
16
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Overlap Factor
Rgire 6.6 Phase MocMator Figure of Merit Plot: 
V2tt / Af Versus Overlap Factor 
(For W/G Values Of 1.0. 2.5. 5.0)
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calculated value of Re/L is 5.2 ft/m m  for a 25 |im  wide electrode. If gold was
used instead o f aluminium and assuming a bulk resistivity value of 2 .0 1 x 1 0 ' 8 
f tm , the calculated Re/L value for the same electrode is 4.02 £3/mm. However
all the phase-m odulators used in the serrodyne experim ents had aluminium 
e le c tro d e s .
6.2.4 Choice o f Single-M ode Stripe Optical W aveguides
The s tripe  op tica l w aveguides used  in the  serrodyne optical
frequency-translators had to be single m oded to ensure proper operation of 
the devices at the w avelength o f 633 nm. In choosing the waveguide
p a ram ete rs  fo r  the o p tica l p h ase -m o d u la to rs , fab rica ted  by titan ium  
indiffusion or proton-exchange, the follow ing factors were considered:
(1 )  the cut of LiNbC>3 to be used, the direction of propagation, and
hence the correct po larisation  o f the propagating guided optical mode to 
ensure the use o f the largest electrooptic coefficient,
( 2 ) the initial waveguide width,
(3 )  in itia l titanium  th ickness,
(4 )  the diffusion (exchange) tim e,
(5 )  the diffusion (exchange) tem perature, and
( 6 ) the diffusion atm osphere and conditions.
The choice o f the cut of LiNb0 3  was based on the easy availability of
the crystal substrates. At the start of this work, the choice was made to use Y- 
cut LiNbC>3 substrates but in the later stages of this work, both Z- and X-cut
L iN b 0 3  substrates were employed to realise PE slab and stripe waveguides. As 
indicated in Chapter 4, Y- and Z-cut T i:LiN b0 3  phase-m odulators were used
for the serrodyne experim ents. A fter the detailed optical characterization of 
PE waveguides in X- and Z-cut LiNbC^, as described in Chapter 5, only X-cut PE
2 0 0
phase-m odulators were realised due to the lim ited time available to complete 
the work.
The selection o f the waveguide widths was based on the results of 
previous researchers [6.12, 6.13] in the Electronics and Electrical Department 
at Glasgow University, from literature studies [6.14, 6.15, 6.16], the ease with
which the waveguide mask could be made and, last but not least, the success 
rate in fabrication of single mode waveguides. The selection was made from 
work perform ed by M cLachlan [6.12] and during the course o f this work
there was exchange o f inform ation with fellow researchers Andonovic [6.17] 
and Bjortorp [6.13]. It was decided to select 4 pm  and 5 pm  wide optical
w aveguides for all the work reported in this thesis. All the fabricated
devices were evaluated at X  = 632.8 nm. Figure 6.7 illustrates the number of
optical waveguide modes that can be supported as a function of waveguide 
width and titanium thickness for operation at 633 nm. A large number of the 
experim ental points (for 4 pm  and 5 pm ) shown in Figure 6.7 were the a 
resu lt o f  w aveguide evaluations o f the phase-m odula to rs used for the
serrodyne study. A detailed report of these results can be found in Section
6.4.2.1 of this chapter.
The selection o f the waveguide widths based on Figure 6.7 implied 
that the d iffusion  tim e and tem perature should be 8  hours and 1000° C 
r e s p e c t iv e ly .
As indicated  in C hapter 4, the d iffusion conditions developed by 
Esdaile [6.18] were used throughout the experim ents reported in this thesis. 
It was found that it was important to properly ensure that the same weight of 
congruen t LiNbC>3  was used for each titanium diffusion run and also that the
two tubes were properly held together by the springs. O therw ise, it was
observed in a num ber o f sam ples that the problem  of outdiffusion was
serious due to bad sealing.
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The PE stripe w aveguides were realised using the same waveguide 
mask as described above. The exchange time and tem perature of the oil bath 
were selected  on the basis o f dispersion curves generated by using the 
m ethod of M arcatili and the Effective Index method, as described in Chapter 
5. Figures 6 .8 (a) and (b) and 6.9(a) and (b) illustrate such dispersion curves 
based on An values of 0.10 and 0.12 respectively for both 4 pm  wide and 5 pm 
wide stripe optical waveguides. The dispersion curves were used as an 
approxim ate guide in fabricating single-m oded PE stripe optical waveguides. 
The validity o f the generated dispersion curves is discussed in Section 6 .4.2.2.
6.2.5 Design of Electrode Structures
After the selection of the waveguide widths, the electrode gap G, the
electrode length L, and the width of the electrode W were chosen on the basis
of the theory o f lumped electrodes described in Section 6 .2.3.2. The electrode
pattern mask was designed to have parallel electrode geom etry as illustrated
in Figure 6.2. The length and the width of the electrodes were 10 mm and 25
pm  respectively except for the requirement of 50 pm  pads (located centrally
along the side of the electrodes) for wire bonding purposes. The electrode
gaps were varied from 6  pm  to 1 0  pm  in order to establish experimentally the
m ost e ffec tiv e  op tica l phase-m odu la to r for the serrodyne experim ents.
U sing Equations 6.22, 6.23, 6.24, and 6.29 and assum ing a 50 resistor 
connected to the coplanar electrode pattern, the V2k (with a typical overlap
facto r o f 0 .35), C, electrical bandw idth, and the static resistance (for an 
alum inium  electrode pattern) o f the phase-m odulator were calculated. In the 
calculation o f Re , values of p = 2 .61x l0 ‘8 Qm  and thickness T e = 0.2 pm  were
used. Table 6.2 summ arizes the calculated values and the results imply that 
the devices designed had the necessary bandwidth for serrodyne operation. 
The phase-m odulators were driven with sawtooth waveform s of frequencies 
up to 7 MHz.
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-  MAR(TE41) EIM(TE41)
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Figure 6.8a Dispersion Curves For A 4 pm Wide 
Stripe Waveguide (An= 0.10) With 
Values Of Cutoff Depth (By Marcatili 
And Effective Index Methods)
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Figure 6.8b Dispersion Curves For A 4 pm Wide 
Stripe Waveguide (An= 0.12) With 
Values Of Cutoff Depth (By Marcatili 
And Effective Index Methods)
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Figure 6.9a Dispersion Curves For A 5 pm Wide 
Stripe Waveguide (An= 0.10) With 
Values Of Cutoff Depth (By Marcatili 
And Effective Index Methods)
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Figure 6.9b Dispersion Curves For A 5 pm Wide 
Stripe Waveguide (An= 0.12) With 
Values Of Cutoff Depth (By Marcatili 
And Effective Index Methods)
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6.3 Test Equipm ent and Experim ental Techniques
6.3.1 I n tr o d u c t io n
In th is section  the basic experim ental arrangem ent em ployed to 
evaluate the phase-m odulators is described. The instrum ents used for this
evaluation are described in Appendix 6.1.
The self heterodyne method was used exclusively in the evaluation of 
the phase-m odulators as serrodyne optical frequency-translators. In order 
to understand this m ethod better, the theoretical aspects o f the process are 
presented in Section 6.3.3.
6.3.2 S e lf H eterodyne Experim ental A rrangem ent
6.3.2.1 M ain Experim ental Setup
The m ain experim ental arrangem ent used to evaluate  the optical 
phase-m o d u la to rs  was a 'bu lk ' M ach-Z ehnder in te rfe ro m ete r. In this 
situation , since both the local oscilla to r beam and the signal beam were 
derived from the same laser source and such a setup is also known as a self 
heterodyne arrangem ent (SHA). The word heterodyne is used because a 
know n frequency sh ift was im posed in one arm o f the M ach-Zehnder
in terferom eter using a Bragg cell.
The experim ental SHA is shown schem atically in Figure 6.10. The 
laser source that was used exclusively for all the serrodyne test experiments
was a Spectra Physics 120 HeNe laser operating at 633 nm. The laser beam
was divided into two beams at BS1. The optical phase-m odulator to be tested 
was placed on the endfire coupling system (described in Chapter 5), in one
arm o f the in terferom eter. In all the experim ents carried  out using the
endfire  coupling  system , coupling  into and out o f the optical phase-
Beamsplitter
(BS1)
Commercial 
Sawtooth Generator
(BS2)
HeNe Laser
( \0 = 633 nm)
I Polariser
\
Aluminised 
Mirror
.
Titanium Indiffused/
Proton-Exchange
LiNb03
Phase Modulator
Bragg Cell
5- Aluminised MirrorPinhole
Avalanche Photodetector
22 MHz 
Oscillator
Spectrum Analyser
Figure 6.10 Schematic Of The Self Heterodyne Arrangement 
Used To Evaluate The Phase Modulators As 
Optical Serrodyne Translators
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m odulator was achieved using Olym pus m icroscope objectives (usually X40 
and sometim es, for output coupling, X20). On the other arm of the Mach- 
Zehnder in terferom eter, the laser beam was passed through a w ater filled 
acousto-optic Bragg cell operating at 22.2 MHz. The first-order diffracted 
beam , shifted in frequency by this amount, was then com bined with the 
device output on BS2. The two optical beams were then directed on to a 
reverse biased HP 4207 silicon PIN photodiode or an AEG BPW 28 silicon 
avalanche photodiode. The heterodyned product o f the two laser beams was 
then observed on a HP 8553B spectrum analyzer. The purpose of the Bragg 
cell was to sim plify  the in te rp re ta tion  of the serrodyne device output 
spectrum. It translated the observed spectrum from dc to 22.2 MHz, so that 
positive  and negative frequency com ponents resu lting  from  the serrodyne 
action could be distinguished. Figure 6.11 illustrates the actual experimental
setup used for the serrodyne frequency translation experim ents. The list of 
instrum ents used in the above experiment is given in Appendix 6.1.
6 .3.2.2 RF Radiation Problem s
In perform ing the above experim ental work, it was found that there 
was a problem  with RF radiation from the power am plifiers and the Bragg 
cell at 22.2 MHz. This was observed as a spurious signal on the spectrum
analyzer at 22.2 MHz when there was no input optical signal to the
photodiode. The level of this spurious signal was between 10 and 15 dB above 
the noise level o f the spectrum analyzer.
T his p roblem  was so lved  by sh ie ld in g  the pow er am plifiers 
com ple te ly  and the B ragg cell p a rtia lly  during  the actual serrodyne
m odulation m easurem ents. The location o f the pow er am plifier with respect 
to the optical table was adjusted to ensure minimum pickup by the photodiode 
unit, and, in addition, where possible, double shielded cables were used, 
especially  for the cable connection between the Bragg cell and the power
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amplifier. Also, the endfire coupling setup was partially shielded. The above 
procedures did help to elim inate the spurious rad iation  observed on the 
spectrum  analyzer. W ith careful shielding o f the various equipm ent it was 
possible to reduce the spurious pickup signal by 10 dB.
6 .3.2.3 Optical Detectors and Detection Principles
As mentioned in Section 6.3.2.1, two types of photodiode were used in
the serrodyne m odulation experim ents. The first kind was the silicon PIN
photodiode. In order to fully utilise the potential performance o f the silicon
PIN photodiode, the DC coupled electrical bias circuit shown in Figure 6.12
was used. In the silicon PIN photodiode unit constructed, the reverse bias 
voltage Vb applied was 18 volts (supplied by two PP9 batteries) and the load
resistors were 47 Q, 100 £2, 1K£2, 10 K£2, and 100 K£2.
In some optical m easurem ents where the heterodyned optical signals
were too low to be measured by the silicon PIN photodetector unit, a silicon
avalanche photodiode (APD) was used. In this case a self-regulating bias
circuit as shown in Figure 6.13 was used. Since the silicon APD needed a
fairly large DC bias voltage, the photodiode unit was AC coupled. This was
achieved by having a 5 nF capacitor between the photodiode and the output
BNC connector. This created a high pass filter system. It was noted that 
there is a non-linear variation of the m ultip lication factor Mapti with the
applied bias voltage to the APD. This voltage dependent Map(j is defined as the
ratio o f the photocurrent Iap(j(t) at a particular reverse bias voltage Vb to the
photocurrent at a set bias voltage of 10 volts. Figure 6.14 illustrates the
m ultiplication factor as a function o f reverse bias voltage for the APD used in 
the experim ents reported in the thesis. A reverse bias voltage of -140 volts
was used in all the experiments. This provided a photocurrent gain o f about 
10. Care was taken to ensure that this value was not exceeded because of the 
increase in the noise level o f the APD detection setup.
Silicon PIN 
Photodiode
Figure 6.12
Silicon A valanche 
Photodiode -
Figure 6.13
n
R1 R2 R3 R4 R5
6 6 0 6
< 3
t
out
I-o
T
18 Volts
7T7T Note: R1 =47 (2, R2 = 100 O, R3 = 1 kft, 
R4 = 10 kn, R5 = 100 kn
Schematic Of The DC Coupled Electrical Bias 
Circuit For The Silicon PIN Photodetectors
5
5 nF
I
120 kn
A
V,
<► +
Bias Voltage
• —
out
Schematic Of The Self Regulating 
Bias AC Coupled Circuit For The 
Silicon Avalanche Photodetector
Figure 6.14
(i) AEG BPW 28
(ii) Quantum  Efficiency (c 
k 0  =  633 nm is 78%
(iii) Responsiv ity  =  1 A/W
80 -120 -160 -180
V b i a s
Plot Of The Multiplication Factor Versus 
Reverse Bias Voltage (BPW 28)
2 0 5
6.3.3 Theoretical Calculation of the Self Heterodyne Detection Process
As stated in the previous section o f this chapter, the optical test
arrangem ent used to evaluate  the optical serrodyne frequency-translato rs
was a bulk M ach-Zehnder interferom eter arrangem ent (Figure 6.10). In this
situation, only one laser source was used in the experiment.
In this self heterodyne mode of optical detection, the so called 'local 
oscilla to r' optical field Ex (t) = Elo cos[(coc +(olo )t], representing  the Mach-
Zehnder interferom eter arm with the Bragg cell in it, was combined on the
photodiode with the optical frequency shifted signal (other arm of the Mach- 
Zehnder interferometer) to be detected i.e Ey(t) = Emod cos[(coc+com od)t]. In all 
the work reported in this thesis, the optical frequency shifted signal comod is 
very much sm aller than the optical frequency of the HeNe laser radiation cac ,
i.e. ©c >> w m o d . Therefore the total heterodyned optical field E z(t) on the
photodiode is given by the expression:
Ez(0 = Ej0 cos[(o)c+tolo)t] + Emod cos[(a>c+comod)t] (6.30)
Since the photodiode is a square law device, the current Ip c (t) generated by
the detector as a result o f the above heterodyning o f the two optical fields is 
proportional to the square o f the total optical field  Ez (t) and this can be
expressed as:
-  tEz(‘) l 2
= l/2[(EIo)2+(Emod)2] + l/2(EIo)2cos[2(0)c+0)lo)t]
+ 1/2(Emod>2cos[2K +0>mod>t]
+ EloEmodcos((2 “ c+“ lo+“ mod)t ]
2 0 6
+ EloE modcosK“ lo-(Bmod>t l <6 ' 3 1 >
where ®i0  > wm od *n experiments reported in this chapter.
In actual practice, the photodetector unit used in the experim ents
cannot fo llow  the instantaneous in tensity  at the optical frequency of the
laser source toc , due to the limitation of the rise time. The photodetector will
be able to respond and detect the first and last term s o f Equation 6.31.
Therefore, the output from the photodiode unit due to the two incident optical
fields E_(t) and Ev(t) is given by the expression:A y
IPC(0  = p { l/2 [(E lo)2 +(Emod)2] + EloEmodcos[(colo-o>mod)t]}
= Idc + IifCt) (6 .32)
where P is the photodiode conversion factor. This factor is dependent on the 
quantum  e ffic ien cy , q ,  o f the photodiode and the photon energy ho . In
genera l, p = q q / h u  , where q is the charge o f an electron, h is Planck’s
constant, and o is the frequency o f the incident optical radiation.
In all the se lf heterodyne experim ents reported in this chapter, the
am ount o f  op tical pow er that was coupled through an optical phase- 
m odulator was kept at a minimal (< 1 mW) power level to avoid optical damage 
effects [6.19, 6.20, 6.21]. Most of the optical power from the laser was diverted 
by the beam splitter BS1 (Figure 6.10) to the arm with the Bragg cell. In this 
situation, it can be assumed that the amplitude o f the m odulated signal Em 0 (j 
is much less than the amplitude of the local oscillator (Bragg cell) Elo , i.e. Elo 
>> ^m od* Therefore the output current o f the photodiode Ip c (t) can be 
rew ritten  as:
2 0 7
rpcW = P Pio (> + 2 V[Pmod/P lo] cos(o)lo-iomod)t} (6 .33 )
where Pmo(i and Plo are the average optical powers o f the incident modulated 
signal and the local oscillator signal respectively.
6.4 Evaluation o f Optical Serrodvne F requencv-Translators
6.4.1 I n tr o d u c t io n
In this section, the com plete optical evaluation o f titanium -indiffused
and proton-exchanged phase-m odulators is presented in Section 6.4.2. The 
results obtained experim entally  are com pared to the theoretical predictions 
described in Chapter 5 and elsew here in this chapter. In addition, the
electrical characteristics o f the m ounted phase-m odulators are described and 
th e ir im plications for device perform ance are discussed in Section 6.4.3. 
Finally , the optical phase-m odulators were operated as frequency-translators 
by the application o f suitable sawtooth waveforms. The results of this study
are presented in detail in Sections 6.4.4 and 6.4.5.
6.4.2 Optical Evaluations of Phase-M odulators
6.4.2.1 T i:L iN b Q 3 Phase-M odulators
As described in the earlier sections o f this thesis, the stripe optical
waveguides o f the Ti:LiNbC>3 phase-modulators realised were both 4 pm  and 5
pm  wide. The main param eters checked were the initial thicknesses of the 
deposited titanium  film s and the num ber o f waveguide m odes supported by
the s tr ip e  w avegu ides a fte r  fab rica tio n  using  the standard  d iffusion
conditions adapted in this thesis i.e. diffusion at 1000°C for 8  hours in a closed 
alum ina tube with LiNbOg flakes o f congruent com position. The wavelength
of operation for all the active devices tested was 633 nm.
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During the course of this work, stripe optical waveguides with initial
titanium  thicknesses ranging from 250 & to 550 & were fabricated. After the 
devices were prepared as outlined in Chapter 4, the end-fire coupling method 
was used exclusively to excite the waveguide modes. In so doing, a table of 
the num ber o f optical waveguide modes observed as a function of titanium 
thickness and waveguide widths was drawn up (Table 6.3). In addition, 
following the work of M cLachlan [6.12] and Bjortorp [6.13], the results from
this work were added to the so called mode boundary curves. Figure 6.7
illu s tra te s  such a curve w ith the p rev iously  ob tained  theo re tica l a n d  
experim entally obtained results. In m ost cases, the results obtained in this 
work fitted well with their results. However in a few cases, especially for 
initial titanium  thicknesses close to the cu toff mode lines, the results were
either below the cutoff or more waveguide modes were observed. This may 
be attributed to the errors in the m easurem ent o f the titanium  films and 
variation in the LiNbOg substrates.
In addition to the above results for Y-cut LiNbC>3 , a number of stripe 
w aveguides o f sim ilar width were realised  in Z-cut LiNbC>3 by titanium  
indiffusion. The fabrication conditions used for Z-cut LiNb0 3  were similar to 
those adapted for Y-cut LiNbC^, except for the method used for the control of 
outdiffusion. The technique adopted was the use o f wet flow ing oxygen 
during the full diffusion period i.e. including the ramp up and cool down 
periods. This was found to suppress any outdiffusion successfully. Figures 
6.15a and 6.15b show photographs o f the outputs from a 4 pm  and a 5 pm 
stripe w aveguide with an in itial titanium  thickness o f 370 &. From the 
titan ium  ind iffusion  experim ents in Z -cu t L iN b 0 3 , was f°und that the
titanium  films have to be deposited on the negative Z-face of the crystal. If 
the titanium film was deposited on the positive Z-face o f the LiNbC^, some
parts of the titanium stripe lines were found to be missing after the diffusion 
process. This may be due to the strong pyroelectric effects associated with
Titanium Thickness Width Of Optical Waveguide
A 4 pm 5 pm
265 1 1
272 1 1
280 1 1
294 1 1
315 1 2
330 1 2
354 1 (2 ) 2
375 2 2
390 2 2
405 2 2
430 2 2
475 2 2
500 2 2
534 2 3
Table 6.3 Number Of Optical Waveguide Quasi-TE Modes 
Supported As A Function Of Titanium 
Thickness And Waveguide Width 
(Y-Cut LiNb03, 1000°C, 8 Hours,
Closed Tube, X0= 633 nm)
Figure 6.15a Photograph Of The Observed Output Quasi- 
TM Mode From A 4 pm Stripe Waveguide 
(370 X Ot Initial Titanium Thickness,
1000 °C, 8 Hours, Flowing Wet Oxygen)
Figure 6.15b Photograph Of The Observed Output Quasi- 
TM Mode From A 5 pm Stripe Guide 
(370 X Of Initial Titanium Thickness,
1000 °C, 8 Hours, Flowing Wet Oxygen)
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this cut of the LiNbC^. Table 6.4 summarises the results of the stripe optical 
w avegu ide  m easu rem en ts  (num ber o f quasi-T M  m odes) fo r titan ium  
thicknesses ranging from 270 & to 480 &. Due to the lim ited number of
samples and titanium range used for the Z-cut LiNb0 3  experiments, it was not
possible to construct a mode boundary curves plot as described previously.
N ext, the overall optical insertion  losses for the Y- and Z-cut
T i : L i N b 0 3  stripe waveguides (waveguide losses and modal m ism atch loss
betw een the m icroscope objective focal spot and the waveguide mode) were
m easured using end-fire coupling. The results are summ arised in Table 6.5.
In general the fairly high losses o f 4 to 11 dB can be attributed to the
m ism atch betw een the w aveguide m odal d istribu tion  and the m icroscope 
ob jec tives and to Fresnel reflec tion  losses, w ith the h igher loss values
attributed to slight im perfections w ithin the stripe waveguides; such as parts 
o f the initial titanium  lines were m issing especially for stripe waveguides in
Z-cut LiNbC>3 . The solution to the modal mismatch problem is to use optical
fibres w ith equivalen t mode sizes to the stripe w aveguides under tests.
U nfortunately, at the time when this work was carried out no such single­
mode optical fibres were commercially available at 633 nm.
F in a lly , the phase-m odu la to rs  w ere fab rica ted  (as described  in
Chapter 4) using the above tested stripe optical waveguides. In the case of Z-
cut LiNbC>3 phase-m odulators, before the electrode pattern was formed a thin 
layer o f S i0 2  was deposited by pyro litic  chem ical vapour deposition  in
Edinburgh U niversity . This was to ensure that the electrode which was 
directly above the waveguide did not cause serious optical losses.
6.4 .2 .2  P ro ton  E xchange L iN bQ 3 P h ase-M o d u la to is
This section describes a sim ilar optical w aveguide study to that 
described in Section 6.4.2.1. However in this case no previously obtained 
results were available and therefore the study to be described was the first to
Titanium Thickness
X
275
300
340
390
430
470
Width Of Optical Waveguide
4 \xm
(2)
5
1
1
1
1 (2) 
2 
2
Table 6.4 Number Of Optical Waveguide Quasi-TM Modes 
Supported As A Function Of Titanium 
Thickness And Waveguide Width 
(Z-Cut LiNb03, 1000°C, 8 Hours,
Flowing Wet 02,X0= 633 nm)
Waveguide Width Measured Optical Insertion Loss(dB) 
p m
4
5
Table 6.5a Measured Optical Insertion Losses For 
TfcLiNbO; Stripe Guides (Y-Cut)
[Input & Output Microscope Objectives: X40]
Waveguide Width Measured Optical Insertion Loss (dB) 
pm (Initial Titanium Thickness)
275 X 300 X 430 X
4 8 .8 7.7 4.4
5 8 .0 1 1 .0 1 0 .8
Table 6.5b Measured Optical Insertion Losses For 
TkLiNbO) Stripe Guides (Z-Cut)
[Input & Output Microscope Objectives: X40]
(Initial Titanium Thickness) 
265 X 294 X 354 X
9.8 8.8 6.2
7.5 8.0 5.6
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be perform ed in the Departm ent o f Electronics and E lectrical Engineering at 
G lasgow  U niversity .
The dispersion curves shown in Figures 6 . 8  and 6.9 (based on the 
theory by M arcatili and the effective index m ethod) were used to provide 
initial guidance as to the required depth for optical waveguiding for 4 and 5 
pm  wide waveguides at the operating wavelength of 633 nm. To recap, the An 
values used for generating the dispersion curves were 0 . 1 0  and 0 . 1 2 .
All the PE stripe optical waveguide devices were fabricated in X-cut 
L i N b C > 3  using concentrated benzoic acid m elts. Due to the lack o f time 
availab le , no devices were realised  in Z-cut LiNbC>3 anc* also no phase- 
m odulators were fabricated using the dilute m elt process as described in 
Chapter 4. An im portant assumption that was made in fabricating the stripe 
w avegu ides w as tha t the  op tica l ch a rac te risa tio n  resu lts  o f  the slab 
waveguides reported in Chapter 5 could be used to design stripe waveguides. 
Hence Equation 5.47 was used exclusively to calculate the depth for stripe 
w aveguides at a particu lar exchange tem perature.
In order to produce the necessary mode boundary curves, further 
com putations using M arcatili's m ethod and the Effective Index method were 
carried  out to generate cu to ff depths for optical w aveguides with stripe 
widths o f 2.0 pm , 7 Jim, and 9.0 pm  for An values of 0.10 and 0.12. The cutoff 
depths are shown in Tables 6 .6 , 6.7 and 6 . 8  respectively. In this work, only 
exchange tem peratures o f around 162°C, 181°C, and 200°C were used. The 
m ain reason for this choice o f tem peratures was that if h igher tem peratures 
were used, the diffusion coefficient would be larger and therefore it would 
be more difficult to realise single mode PE stripe waveguides since the time 
required for the exchange process would become excessively short.
The theoretical mode boundary curves were p lotted  for the above 
three selected  exchange tem peratures. These are illu stra ted  in Figures 
6.16(a-d), 6.17(a-d), and 6.18(a-d). From all these theoretical analyses, it was
Mode Number Cut-off Depth, pm Cut-off Depth, pm
(Marcatili) (Effective Index)
TE-n 0.222 0.193
TEa, 0.279 0.211
TE31 0.37S 0.251
TE41 0.590 0.353
(a) An= 0.10
Mode Number Cut-off Depth, pm Cut-off Depth, pm
(Marcatili) (Effective Index)
TEn 0.196 0.171
TEsi 0.241 0.184
TE31 0.312 0.213
TE4i 0.451 0.277
(b) An= 0.12
Table 6 .6  Values Of Cut-off Depths For A 2 pm 
Wide Stripe Waveguide With 
An= 0.10 And An = 0 .1 2  (By 
Marcatili And Effective 
Index Methods)
Mode Number Cut-off Depth, pm Cut-off Depth, pm
(Marcatili) (Effective Index)
TE1t 0.196 0.188
TEgt 0.207 0.190
TEat 0.220 0.192
TE41 0.235 0.196
(a) An= 0.10
Mode Number Cut-off Depth, pm Cut-off Depth, pm
(Marcatili) (Effective Index)
TEt1 0.173 0.167
TE^ 0.183 0.169
TEh 0.193 0.171
TEh 0.205 0.173
(b) An= 0.12
Table 6.7 Values Of Cut-off Depths For A 7 pm 
Wide Stripe Waveguide With 
An= 0.10 And An= 0.12 (By 
Marcatili And Effective 
Index Methods)
Mode Number Cut-off Depth, pm Cut-off Depth, pm
(Marcatili) (Effective Index)
TEtl 0.194 0.188
TE^ 0 . 2 0 2 0.189
TE31 0 . 2 1 2 0.191
TS41 0 . 2 2 2 0.193
(a) A n =  0.10
Mode Number Cut-off Depth, pm 
(Marcatili)
Cut-off Depth, pm 
(Effective Index)
TEn 0.172 0.169
TEzi 0.179 0.171
TE31 0.187 0.173
T6 4 1 0.195 0.176
(b) An =0.12
Table 6.8 Values Of Cut-off Depths For A 9 pm 
Wide Stripe Waveguide With 
An= 0.10 And An= 0.12 (By 
Marcatili And Effective 
Index Methods)
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decided to concentrate on using an exchange tem perature o f around 162°C
for stripe waveguide fabrication. A num ber of stripe waveguides were also 
fabricated at the other two selected exchange tem peratures.
The PE stripe waveguides were evaluated using the end-fire coupling 
method. The num ber o f modes supported by the 4 pm  and the 5 \ i m wide 
stripe waveguides were noted in each case and plotted in the respective mode 
boundary curves (Figures 6.16, 6.17, and 6.18). From these results, it was 
obvious that the cutoff for the fundam ental quasi-TE mode predicted by the
above procedure was incorrect. This may be attributed to two main factors. 
They are:-
( a )  The use o f the alum inium  m ask could have slowed the exchange 
process by the presence o f an electric potential across the diffusion aperture
[6 .2 2 ], and
( b )  The assum ed An values o f 0.10 and 0.12 for the fabricated stripe
w aveguide may be incorrect.
R ecently , Sanford et al [6.23] investigated the above problem s by 
using secondary-ion m ass spectroscopy to characterise the lithium  depletion
o f the fabricated PE stripe optical waveguides. Their studies indicated that 
the depletion o f lithium  from the stripe waveguide regions was dependant on 
the width o f the waveguide (i.e. the width of the diffusion aperture) and the
diffusion time. As an example of their work, a stripe waveguide formed by
diffusing through a 6  pm  wide m etallic aperture for 10 m inutes at 249°C
apparently  suffered 60% less lithium  depletion near its surface than one
formed by diffusing through a 1 2  pm  aperture for the same time.
W alker et al [6.24, 6.25, 6.26] reported  that by anodising the 
alum inium  d iffusion  patterns to AI2 O 3 , it was possible to elim inate the
problem due to metallic diffusion masks. Again due to lack of available time,
no research work was performed in this area.
2 1 2
The overall insertion losses of the fabricated PE stripe waveguides 
were m easured as described in Section 6.4.2.1 above. Table 6.9 shows a
summ ary o f the m easured losses as a function o f the selected fabrication 
conditions for the 4 pm  and 5 pm  wide single-mode stripe waveguides. As can 
be seen from the table, the insertion losses for PE stripe waveguides were 
m uch higher than for the stripe T i:L iN b 0 3  waveguides, i.e. 10 to 20 dB
higher. Most o f these losses could be attributed to the distribution mismatch
betw een the focussed input laser beam and the stripe w aveguide mode.
Figures 6.19a and 6.19b illustrate the modal width and depth intensity plots 
for a typical PE and a typical titanium -indiffused stripe waveguide (4 pm
wide) in X-cut and Y-cut LiNb0 3  respectively. The modal plots were obtained
using a com puter controlled Hamamatsu C1000 visible cam era system. The 
software was provided by Hamamatsu of Japan. For the PE stripe waveguide, 
the  m easu red  1 /e 2  m odal width and depth were 5.0 p m  and 1.5 pm
respectively. The calculated asymmetry, i.e. width divided by depth is 3.33. 
The m easured 1/e2  modal width and depth for the titanium  indiffused stripe 
waveguide were 8.4 mm and 5.8 mm respectively with a calculated asymmetry 
value o f 1.45. The ratio o f the asymm etry values betw een the stripe PE
w aveguide and the titanium  indiffused w aveguide is 2.3. The asymmetry 
betw een the w idth and depth optical mode is m ost probably the main
contributing factor to the m easured higher optical insertion loss values for 
the PE stripe waveguides. The solution to the problem of excessive modal 
confinem ent in PE stripe w aveguides m aybe to anneal them . Recently,
insertion  losses o f around 1 db have been achieved by annealing stripe 
optical w aveguides [6 .27-6.30]. Therefore the problem  o f high insertion 
losses in stripe PE waveguides can be solved with ease. However, by 
annealing the PE waveguides, it has been shown that the refractive index 
profile of the waveguides changed from a step-like to a Gaussian shape. Also
the An was reduced from 0.12 to as low as 0.01 [6.31, 6.32].
PE Fabrication 
Conditions
25mins., 162°C
30 mins., 162°C
35 mins.,162°C
40 mins., 162°C
10 mins., 181°C
Measured Optical Insertion 
Loss (dB)
31 dB
28dB
28dB
23d B
22 dB
(a) 4 pm
PE Fabrication 
Conditions
25 mins., 162°C
30 mins., 162° C
35 mins.,162°C
40 mins.,162°C
10 mins., 181°C
Measured Optical Insertion 
Loss(dB)
30dB
28dB
23dB
17dB
20dB
(b) 5 pm
Table 6.9 Measured Optical Insertion Losses For 
PE Stripe Guides In X-Cut LiNb03 
(a) 4 pm And (b) 5 pm [Input & Output 
Microscope Objectives: X40]
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After all the above waveguide studies, the stripe waveguides were 
then used to realise phase-modulators. These devices were then evaluated as 
optical frequency-translators using suitable sawtooth waveforms.
6.4.3 Electrical Frequency Response of Phase-M odulators
The electrical frequency response of the optical phase modulator was 
measured using the self heterodyne test arrangement shown in Figure 6.10 
except that in this case the Bragg cell was not in use. The reference laser 
beam was combined with the laser beam from the phase modulator under 
evaluation using a beam splitter and the two beams were heterodyned on a 
fast silicon avalanche photodiode (Appendix 6.1). The input signal to the 
phase modulator was adjusted to be 10 dBm for a termination resistance of 47 
Q. Figures 6.20 and 6.21 show typical normalised frequency response plots 
for a Y-cut Ti:LiNbC>3 and a PE X-cut LiNb03 phase modulator respectively.
The devices were found to have a 3 dB bandwidth of about 1.1 GHz. The 
calculated capacitance limited 3 dB bandwidth was 2.7 GHz (Table 6.2). The 
discrepancies in the calculated and measured 3 dB bandwidth may be 
attributed to the presence of the bonding pads which were not considered in 
the capacitance lim ited bandwidth calculations. Therefore the results 
im plied that the optical phase-m odulators were suitable for serrodyne 
frequency translation studies.
6.4.4 Experimental Results for Titanium-Indiffused Phase-M odulators 
Driven bv Sawtooth Electrical Waveforms
6.4.4.1 Determination of V?TT Values
After the successful optical characterization of the stripe waveguides
and the determination of the electrical 3 dB bandwidth of the optical phase- 
m odulators, the devices were ready for serrodyne frequency translation
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experiments. The devices (both Y-cut and Z-cut) to be tested were placed in 
the bulk M ach-Zehnder interferom eter arrangem ent described previously 
(Figure 6.10).
The first test involved the determination of the voltage required for
generating a 2n phase change. This was accomplished by driving the phase-
modulator with a variable (0 to 30 volts) dc signal. The Bragg cell was not
used in this part of the experiment. The optical beams from both the arms of
the bulk Mach-Zehnder interferometer were heterodyned on a dc coupled
photodetector unit. The output from the photodetector was used to drive the 
Y-axis of the plotter with the X-axis driven by the variable dc signal. The
voltage requirement for each of the phase-modulators under evaluation was
determined by measuring the voltage needed to move from one maximum to
another maximum or from one minimum to another minimum. Tables 6.10(a, 
b) and 6.11(a, b) show the measured V2 K  values of the tested Y-cut and Z-cut
T iiL iN b O j phase-modulators (4 jim and 5 p.m wide) respectively. From Tables 
6.10a and 6.10b (for Y-cut Ti:LiNb03 devices) it can be seen that the measured 
V 2 n  voltage values ranged from 9.5 volts to 15.0 volts. The reason for this
variation is mainly due to the different active device lengths i.e. 7.7 mm to 10
mm. This was due to the non-uniform trimming of the ends of the devices
p rio r to end-polishing. A nother possible contributing factor to the 
variations in the measured V2 % values is the slight variation in the overlap
factor (0.29 to 0.40) since the initial titanium thickness ranged from 240 & to 
400 &. The results in Tables 6.10a and 6.10b also indicated that the calculated 
overlap factor was slightly higher for the 5 p.m wide phase modulators when 
compared to the 4 p.m wide devices. The reason for this maybe due to the 
slightly higher neff values (see Equation 6.21). For Z-cut TiiLiNbOg phase- 
modulators, the results indicated slightly higher measured V 211 (12.5 volts to
15.8 volts) values for devices with the same active lengths. A possible reason 
for this maybe due to the presence of the SiC>2 buffer layer which can affect
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the applied electric fields and hence the overlap factor (0.27 to 0.31). The 
phase modulators were then used for the serrodyne experiments.
6.4.4.2 Effect of Non-Zero Flvback/Fall-Time
In this section, studies of the effect of finite fall-time (Tf) on the 
sawtooth driven Y- and Z-cut Ti:LiNb03 phase modulators are reported. 
Commercial function generators were employed throughout the serrodyne 
frequency translation experiments. One of the features that makes such 
function generators attractive is the ability to change the fall-time of the 
sawtooth signals. Again the Mach-Zehnder interferometer setup was used to 
perform this study. Only upshift frequency translations are reported. The 
generated sideband results from the experim ents were compared to the 
theoretically predicted sideband levels as discussed in Section 3.4.2 of Chapter 
3.
Figure 6.22 shows a typical spectrum plot (dc to 110 MHz) with the 
entire frequency translation beat spectrum  shifted to an interm ediate 
frequency of 22 MHz as observed on the spectrum anlayzer. In this case, the 
device used was a 4 pm wide Y-cut TfiLiNbOj phase modulator with an initial
titanium thickness of 315 & (device ST2 in Table 6.10a). As can be seen from
the above beat spectrum only the 0th, lst-(lower and upper), 2nd-(Iower and
upper), and 3rd-(lower and upper) order sidebands were significant and
hence for all remaining results reported in this thesis only the above
mentioned sideband levels were considered.
By applying multiple integer (i.e. 2, 3, ...) values of Vs 2n t0 ^  phase
modulators, it is possible to achieve higher m ultiple (2*fm , 3*fm , ....) 
frequency translations using one single serrodyne frequency value (fm ). As
an example, Figures 6.23a and 6.23b illustrate the serrodyne frequency 
translation spectrum plots for a 4 pm wide Y-cut Ti:LiNb03 driven with V~2n  
and V -4^ (= 2*V=2n) values and the resultant corresponding frequency shifts
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of 1 MHz and 2 MHz respectively. The above results indicated that the overall 
suppression values were 26.3 dB and 21.0 dB for the 1 MHz and 2 MHz 
frequency translations respectively. The reduced overall suppression value 
for the higher serrodyne frequency translation can be explained as follows. 
The measured fall-time (Tf) of the serrodyne signal in the above experiment
was 40 ns. Therefore from Equation 3.12 of Chapter 3, the theoretical overall 
suppression (S0) of spurious sidebands relative to the required sideband was
calculated to be 28.0 dB for the 1 MHz frequency shift. In the case of the 2 
MHz frequency shift with the same 1 MHz serrodyne signal, the calculated
value of S0 was 22 dB. As can be seen from above the calculated and
experimental results are in close agreement. Table 6.12 shows a summary of 
theoretical and experimental values of S0 for two Y-cut and two Z-cut 
T iiL iN bO g phase modulators under multiple V~2ji studies. The conclusion from
this short study is that it is not desirable to achieve multiple frequency 
translations using higher serrodyne am plitudes and a specific single 
frequency signal because of the reduction in the value of S0 with multiple 
V s 2rt values. In all the serrodyne frequency translations reported in the 
remaining part of this section and in Section 6.4.5.2, no multiple V=2n  studies
were carried out.
The ratio of the finite fall-time to the period of the sawtooth signal
(T f/T ) and its effects on the various sideband levels were studied. The
serrodyne m odulators evaluated were realised  with in itia l titanium  
thicknesses ranging from 240 ft to 430 ft in both Y- and Z-cut LiNbOj. It was
found from these experiments that the initial titanium thickness contributed 
in part to the realisation of high performance serrodyne devices. It was 
observed that for devices with initial titanium thicknesses of less than 280 f t ,
high levels of amplitude modulation were measured. These results are
discussed in detail in Section 6.4.4.5.
a  *rf T
■59 ^ * l , o*
© U- (0
E ' 2 . •c © w3
3I
CM
CO
s
<0
T“
CM
O
Si
a  *W a1 —,  ^ *
§ u- ST
E ' S  •= ©3
1
O)
10
CM
I".
CM
(0 10
in:
CM
8
9
K
CM
> *
1 § I3 i  7
8  5  £©2
10 CM* CM
s
?
'E'
CM
6?
§ t
? !
f  ?
I  s
i i
l i
t0T“
CO
in:
Oo
E
3 .
Oo
E
3 .
5£»
N
CMa
- e -
19
I
©
1©cc
iff
K
CMa>s
©x
Ta
ble
 
6.1
2 
Su
mm
ar
y 
Of 
Ex
pe
rim
en
tal
 S
Q 
Va
lue
s 
Fo
r 
Te
ste
d 
4 
|im 
An
d 
5 
jam
W
ide
 
X- 
An
d 
Z-
Cu
t 
Ti
:U
Nb
03 
Ph
ase
 
M
od
ul
at
or
s 
(W
ith
 
10 
|am 
El
ec
tro
de
 
G
ap
)
217
The serrodyne frequency chosen for the study of variations in fall­
time was 1 MHz. The exact value was used to drive each of the devices
under evaluation. Studies of serrodyne frequency translations with respect 
to changes in non-optimum ^ 2 n  an(l modulation frequency values are
described in detail in Sections 6.4.4.3 and 6.4.4.4 respectively. The fall-time Tf
of the sawtooth signal from the function generator was adjusted to one of the
following values, i.e. 20 ns, 35 ns, 50 ns, 100 ns, 150 ns, 280 ns, and 400 ns.
Table 6.13 gives the theoretical sideband levels of C_2, C .j, Cq, C2 and C3; the
sideband values generated using Equation 3.10 of Chapter 3.
Three Y-cut phase modulators (ST5 - 4 pm wide, ST8 - 4 pm wide, ST2 -
5 pm wide) and two Z-cut phase modulators (SZ9 - 4 pm wide, SZ9 - 5 pm wide)
were selected for the fall-time studies and the results are tabulated in Tables 
6.14, 6.15, 6.16, 6.17, and 6.18 respectively. The results indicated that there is 
close agreement between the theoretical and experimental sideband levels 
with the exception of the carrier sideband Cq. Theoretically its value should
be 0 but however because of RF pickup by the device from the signal
generator that drove the Bragg cell, the value of Cq fluctuated between -26 dB
to -38 dB, the actual value depending on the drive level of the generator.
Therefore, from the above experimental results, it can be deduced 
that the serrodyne frequency translators are very dependant on the fall­
time of the sawtooth signal. To improve any further on the sideband 
suppression levels to better than 60 dB, it is essential to procure a function 
generator with faster fall-tim e i.e. < Ins at a serrodyne modulation 
frequency of 1 MHz.
6.4.4.3 Effect of Non-Optimum Sawtooth Amplitude
The requirement for a proper sawtooth signal level was critical in
the demonstration of serrodyne devices with high overall suppression of 
spurious sideband levels. Tables 6.19 and 6.20 summarize the effect of non-
Tf/
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optimum sawtooth amplitude on serrodyne device performance for two 
T i : L i N b 0 3  phase modulators with the theoretical predictions for overall
sideband level suppression calculated using the results found in Table 3.1 of 
Chapter 3. It was noted again that the contribution from Cq (about 29 dB and
34 dB) which was due to RF pickup was ignored in the experiments 
summarized in the above tables. Figures 6.24 and 6.25 show plots of the 
overall sideband level suppression against the applied serrodyne voltage for 
the 4 pm wide Y-cut and 4 pm wide Z-cut devices. From the results above it 
can be concluded that the perform ance o f the serrodyne frequency 
translator is sensitive to applied voltage variations and it can be stated that 
the optimum overall serrodyne sideband suppressions occured as predicted 
by theory in Section 3.4.3 of Chapter 3, i.e. <{)0 = <j>p [l-(Tf/T)] (Equation 3.14).
It was calculated from Tables 6.19 and 6.20 that the voltage variation should
not be larger than 0.5% to ensure stable serrodyne operation at the optimum
voltage signal level. In general this was not a serious problem in the 
lab o ra to ry  study of serrodyne dev ices. H ow ever in p rac tica l 
im plem entations of serrodyne frequency-translators it will be essential to 
maintain the stability of the required serrodyne signal level. This can be 
achieved possibly by using some form of electrical/optical feedback system.
6.4.4.4 Effect of Non-Optimum Operation Over a Band/Range of
Frequencies using a Constant Sawtooth Amplitude
The electrical frequency responses of the phase modulators were 
measured prior to serrodyne testing as described in Section 6.4.3. Table 6.21 
gives a summary of the electrical 3 dB bandwidth of the tested devices. It can 
be concluded that the devices for the frequency translation studies have the
required bandwidth (i.e. 0.8 GHz to 1.1 GHz) for proper serrodyne operation.
Using Equations 3.17 and 3.19 of Chapter 3, a table of delayed reset 
times Tnf and the resultant degradation in the overall spurious suppression
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of sidebands S^o were calculated for serrodyne modulation frequencies in the 
range between 300 kHz and 7 MHz for device ST5 (Table 6.22). The 3dB 
electrical bandwidth of the device was measured to be 1.1 GHz which implied 
that it had a capacitance of 6.16 pF for a 47 termination resistance. From 
Table 6.22 it can be concluded that the values of S^q are small, i.e. they range 
from 0.11 dB to 0.83 dB, and therefore the effect of Tnf can be ignored for the 
phase modulators in this study. Figure 6.26 illustrates the theoretically 
predicted and the experim entally measured overall sideband suppressions 
for the serrodyne modulation frequency range of 300 kHz to 7 MHz. The plot 
ind icates clearly  that the perform ance of the serrodyne frequency 
translator was limited by the fall-time of the function generator. Similar 
plots were obtained for devices ST8 (Figure 6.27) and SZ9 (Figure 6.28), all 
indicating fall-tim e limited performance especially at the higher serrodyne 
frequency of 7 MHz.
6.4.4.5 Presence of Amplitude Modulation in an Electro-Ontic
Phase Modulator and its Effects
As described in Section 6.4.4.2 the serrodyne devices with an initial 
titanium film thickness of less than 272 & were found to have poor image 
sideband suppression values. This was eventually identified to be due to the 
presence of amplitude modulation effects. The magnitude of the amplitude 
modulation was measured directly using a photodiode unit and an osciloscope.
Figure 6.29 shows the measured amplitude modulation levels for such
a serrodyne device (SSB1) with an initial titanium thickness of 240 &. The
width of the optical waveguide in this case was 4 p.m. The applied voltage did
not have an offset value. It can be deduced that for an applied voltage of 14
volts (V2k) the measured amplitude modulation was 13.7%. This meant that
the suppression of the image sideband compared to the frequency translated 
signal was calculated to be 17.2 dB. By applying a voltage with a positive dc
Tf 
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offset of 7.6 volts to the same device (SSB1), it was measured that the
amplitude modulation levels were reduced as can be seen in Figure 6.30. Now
for a V 2 n  voltage of 14 volts, the measured amplitude modulation was 8.6%
which gave a calculated suppression of the image sideband to frequency 
translated signal of 21.3 dB. However, if a voltage with a negative dc offset of 
8.0 volts was applied to the same device (SSB1), the measured amplitude 
modulation levels were found to be higher than those reported above (Figure 
6.31). The measured amplitude modulation with the applied voltage of 14 
volts was found to be 55.7%. This implied that the suppression of the image 
sideband to frequency translated signal was calculated to be 5.1 dB. In this
situation, with the application of 35 volts to the device, a cut-off or amplitude 
modulator was demonstrated. A cut-off ratio of about 19 dB was measured.
The above changes in measured am plitude m odulation levels can be
explained as follows. The device SSB1 with an initial titanium thickness of 
240 & is close to cutoff (Figure 6.7). By applying a drive signal with an offset 
value to the device SSB1, it is possible to move the stripe optical waveguide 
closer to cutoff (with negative offset voltage) or away from cutoff (with
positive offset voltage).
Table 6.23 summarizes the amplitude modulation studies for the
following phase modulators: (a) SSB1, (b) ST12 - initial titanium thickness of 
265 & and (c) SSB3 - initial titanium thickness of 272 &. The results clearly 
indicate that the initial titanium thickness of the optical waveguide plays an 
important role in the minimisation of amplitude modulation effects. As the
initial titanium thickness was increased from 240 & to 272 A , the level of 
amplitude modulation drops significantly from 13.7% to 2.1% for a V 2 n  signal
without any dc offset.
In summary, to avoid the presence o f m easurable amplitude 
m odulation (i.e. > 0.5%) in phase-modulators, it is important to realise
strongly guiding single-m oded devices. Other sources o f am plitude
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modulation due to Fabry Perot effects were not observed, presumably because 
o f unintentional non-parallel polishing of the phase-m odulator end-faces. 
Therefore this was not a problem in all the reported serrodyne experiments.
6.4.5 Experimental Results for Proton-Exchange Phase-M odulators
Driven bv Sawtooth Electrical Waveforms
6.4.5.1 Determination of V2jr Values
The determination of the V 2 n  voltage requirements for the PE X-cut 
L iN bO g  phase modulators was more complex. The reason is that not all the 
fabricated devices performed as designed, i.e. there seemed to be two main 
problems. The first was that with PE devices that operated, there was an 
observed effect called the dc extinction problem. In brief, if dc voltages 
were applied to the PE phase modulators fabricated at 162°C, the output light 
levels of the single-moded devices were slowly reduced. This dc extinction 
problem is discussed in detail in Section 6.4.5.5.
The second problem is that all the single-moded PE phase modulators 
that were fabricated at a higher temperature of 181°C exhibited a reduction 
in electro-optic activity. Single-moded PE phase m odulators were not 
fabricated at 200° C and therefore no electro-optic measurements were 
carried out at 200°C.
In view of the dc extinction effect, another technique was used to 
estimate the V 2 n  values of the PE phase modulators fabricated at 162°C and
181°C. The technique involved the use of the self heterodyne arrangement 
shown in Figure 6.10. The optical signal from the PE phase modulator under 
evaluation was combined and mixed with the frequency shifted signal from 
the Bragg cell on an ac coupled photodetector unit. The output from the 
photodetector was displayed on a spectrum anlayzer which showed a beat 
signal at 22 MHz. The PE phase modulator was then driven with a sinusiodal
2 2 2
signal at 1 MHz whereby the familiar Bessel sidebands were generated about
22 MHz. By careful adjustment of the level of the sinusoidal signal, the Oth
order of the spectrum can be suppressed to a minimum and hence the 
required estimated value was determined. Figures 6.32 and 6.33 show
typical spectra with optimally suppressed Oth order Bessel sidebands for PE
phase modulators fabricated at 162°C with an exchange time of 25 minutes
and at 181°C with an exchange time of 10 minutes respectively. Tables 6.24(a, 
b) summarize the complete study of the ^ 2 n  determination of the PE phase
modulators fabricated at 162°C and 181°C for 4 jj.m and 5 pm wide optical 
waveguides respectively. The results indicated that all the PE phase 
modulators fabricated at 162°C were more efficient than their Ti:LiNb03
counterparts with the same device geometries i.e. with an active length of 10 
mm and an electrode gap of 10 pm. The possible reason for this lower V2n
requirement is the increased efficiency in the overlap of the electrical and 
optical fields (0.51 to 0.55). This can be seen from the higher calculated 
overlap factor values shown in Tables 6.24(a, b) when compared to similar 
results for Ti:LiNb03 phase modulators summarized in Tables 6.10 and 6.11. As 
for the devices fabricated at 181°C, the V2n  values were estimated to be 35 
volts. This most likely implied that the electro-optic coefficient ( ^ 3) was
reduced. Assuming a similar overlap factor value of 0.50 (for a similar PE 
phase m odulator fabricated at 162°C) the calculated ^ 3  e lectro -op tic
coefficient value was 5.9 pm/V, indicating a five times reduction in the 
normal ^ 3  bulk value.
The experimentally estimated V2n  values were then compared to those
derived theoretically using the standard table of Bessel functions of the first 
kind. Table 6.25(a, b) shows a complete comparison of the experimentally 
obtained and the theoretically calculated ^ 2 n  values f°r 4 J i m  and 5 pm wide
PE X-cut LiNb03 phase modulators respectively. The results indicated that
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they are in close agreement as expected. The calculation for a typical
theoretical V2n  value is described in detail in Appendix 6.2.
6.4.5.2 Effect of Non-Zero Flvback/Fall-Time
The effect of a serrodyne signal with finite fall-time on proton- 
exchange X-cut LiNb03 phase modulators fabricated at 162°C with exchange
times that ranged from 25 to 40 minutes, using concentrated benzoic acid 
melts, was studied. Commercial sawtooth signal generators with variable 
fall-tim e Tf were used throughout the above study. Only upshifts in
frequency are reported. The experimentally generated sidebands due to the 
serrodyne process were compared to the theoretically predicted sideband 
levels calculated from the analysis of effects due to finite fall-time found in 
Section 3.4.2 of Chapter 3.
An example of a complete spectrum plot from dc to 110 MHz with the 
en tire  serrodyne frequency translation  beat spectrum  shifted to an 
intermediate frequency of 22 MHz can be seen in Figure 6.34a. For the above 
evaluation, the frequency of the serrodyne signal was 1.5 MHz and the device 
tested was a 4 pm wide X-cut PE LiNbC>3 phase modulator fabricated at 162°C
with an exchange time of 35 minutes (Device no: PEX6 of Table 6.24a). The
presence of a spectrum (Figure 6.34a) about the dc signal was found to be due
to RF pickup by the photodetector unit. This was confirmed by observing the
photodetector signal without any incident laser light using the spectrum
analyzer (Figure 6.34b). Problems with RF pickup occurred occasionally
with high drive signals to the Bragg cell and therefore were taken into
account when they were photodetected.
The sawtooth frequency chosen for the study of effects of variations
in the finite fall-time on serrodyne frequency translation experiments was 1 
MHz. The exact V 211 voltage value was used to drive each of the PE phase
modulator under evaluation. Studies of the effects of non-optimum V2n
00
I
CD
1

2 2 4
values and variations in m odulation frequency values on serrodyne 
performances are described in Sections 6.4.5.3 and 6.4.5.4 respectively. The 
fall-tim e of the serrodyne modulation frequency was carefully adjusted to
one of the following values, i.e. 20 ns, 35 ns, 50 ns, 100 ns, 150 ns, 280 ns, and 
400 ns. The experimentally measured sideband levels for C_2, C .j, Cq, C2 and 
C 3 were compared to similar theoretical sideband levels shown in Table 6.13.
All the 4 pm and 5 pm wide X-cut PE LiNb03 phase modulators were 
evaluated and the results are tabulated in Tables 6.26 to 6.29. The results
indicated that there is fairly good agreement between the theoretical and
experimental sideband levels. However devices PEX5 and PEX6 appeared to 
perform better than PEX3 and PEX11. A possible reason for the slightly 
poorer performances measured using devices PEX3 and PEX11 may be due to 
the fact that one is near to the cutoff and the other is near to the boundary of 
the 2nd order mode. No detailed investigation of these possible explanations 
were carried out due to the lack of time. In addition, the value of Cq varied
between -15 dB and -34 dB, the actual value depending on the RF drive level 
to the Bragg cell. The property in which PE devices are superior to Ti:LiNb03 
devices is the requirement of lower voltages; otherwise the results from
both types of device are fairly comparable.
It can be concluded that the performance of the PE serrodyne 
modulators is very dependant on the value of the finite fall-tim e of the 
sawtooth signal. In order to make such devices useful in specific
applications, such as the fibre-optic gyroscope, the fall-time has to be well 
below 1 ns for a serrodyne frequency of 1 MHz to ensure a dynamic range of 
60 dB.
6.4.5.3 Effect of Non-Optimum Sawtooth Amplitude
The effects of non-optimum sawtooth amplitude on overall sideband 
suppression for all the X-cut PE LiNb03 phase modulators fabricated at
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tem peratures of 162°C are summarized in Tables 6.30 to 6.33, with the 
theoretical results calculated using the information in Table 3.1 of Chapter 3. 
Due to the RF pickup problem, the contribution of Cq was not included in the
analysis of the experimental sideband levels. It can be deduced from the 
results found in Tables 6.30 to 6.33 that the devices that performed well are 
those fabricated with exchange times of 30 and 35 minutes. This again 
suggests that the devices fabricated with exchange times of 25 and 40 
minutes respectively are possibly close to cutoff or to the multimode regime 
of the waveguides. Figures 6.35 to 6.38 illustrate graphically the results of 
Tables 6.30 to 6.33 respectively, i.e. for devices PEX3, PEX5, PEX6, and PEX11. 
From the results above, it can be stated that the optimum overall serrodyne 
sideband suppressions occured as predicted by the theory described in 
Section 3.4.3 of Chapter 3, i.e. (j)0 = <j)p [ l-(Tf/T)] (Equation 3.14). Again the
results indicate that the performance of the PE serrodyne devices is as good 
as and in some cases better than those devices fabricated using titanium- 
indiffusion. The problem of maintaining a very stable serrodyne modulation 
signal is again noted to be an important parameter to be considered for any 
future use of serrodyne devices for fibre-optic sensor systems.
6.4.5.4 Effect of Non-Optimum Operation Over a Band/Range Of 
Frequencies using a Constant Sawtooth Amplitude
The 3 dB electrical bandwidth of device PEX3 was found to be 1.1 GHz 
(Section 6.4.3). Due to the lack of time no further experiments were carried 
out to establish the bandwidth of the remaining PE exchange devices, i.e. 
PEX5, PEX6, and PEX11. It seems likely that the remaining devices would have 
sim ilar characteristics to device PEX3 and the titanium -indiffused phase 
modulators. The basis of this assumption was that the same device assembly 
procedures and connection between devices and signal sources were used.
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The overall serrodyne sideband suppression levels for the four PE X-
cut LiNb(>3 devices (i.e. PEX3, PEX5, PEX6, and PEX11) tested in the frequency
range from 300 kHz to 7 MHz were measured (Table 6.34). The theoretical 
calculations from Table 6.22 of Section 6.4.4.4 was used to generate Figure 6.39 
which included the experimental frequency response curves for the four PE 
devices. The conclusion from this study based on results shown in Figure 
6.39 indicated that the performance of the serrodyne devices were limited by 
the fall-time of the function generator i.e. 11 ns at the highest sawtooth 
frequency of 7 MHz.
6.4.5.5 Presence of Amplitude Modulation in an Electro-Optic
Phase Modulator and its Effects
It was not possible to measure the amplitude modulation levels for the 
X-cut PE LiNb03 serrodyne devices due an effect known as the dc extinction
effect. By applying voltages greater than 5 volts to any of the four devices
fabricated at 162°C, the light output from the devices could be slowly reduced
from 100% to 10% with time constants ranging from about 80 seconds to as
high as 900 seconds. Figure 6.40 shows an example of such a sequence of
optical extinction effects due to the application of a dc signal of +5 volts and 
then +15 volts to device PEX3. The output of the PE stripe waveguide was 
intentionally defocussed to ensure that it could be easily observed. The 
optical extinction in this case was measured to be around 19 dB. A number of 
dc bias voltages were then applied to the devices and the corresponding 
optical extinctions were recorded. The data were then plotted as shown in 
Figure 6.41. It can be deduced from that figure that there was no systematic 
pattern to voltage dependence in the dc extinction effect. In fact the plot 
suggests that the dc extinction effect is random in nature. One possible 
explanation for this observed effect is the movement of lithium ions and 
proton in the PE waveguide regions under the influence of static electric
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fields. The movement of lithium ions may be the cause of the possible 
reduction in the refractive index of the waveguide areas and hence the 
amplitude modulation effect. However, more studies have to be carried out 
using material analysis techniques to discover what is the mechanism that is 
causing the dc extinction effect. It is clear that the dc extinction effect
briefly reported in this section is not desirable for high performance
serrodyne frequency translators and is by no means well understood.
 S um m ary
The com plete design procedures for optical phase-m odulators in 
L i N b 0 3  have been outlined. All the test equipment and experimental
procedures that were em ployed to evaluate the serrodyne frequency- 
translators were described in detail. The use of the bulk Mach-Zehnder 
interferometer, with an acousto-optic Bragg cell on the reference arm, was 
used exclusively to study the sideband levels associated with the optical 
translation process. This technique was valuable since it facilitated the study 
of both positive and negative spurious sideband levels about a centre 
frequency determined by the Bragg cell. In all the experiments, the
intermediate frequency was 22 MHz.
The optical phase-m odulato rs w ere evaluated  o p tica lly  and 
electrically. This was to ensure that the optical waveguides of the fabricated 
devices were single-moded. The 3 dB electrical frequency responses of the 
fabricated Ti:LiNbC>3 and PE phase modulators were in the range from 0.8 GHz
to 1.1 GHz. Therefore this was not a limiting factor for all the serrodyne 
experim ents reported in this thesis. Finally the phase-modulators were 
operated as serrodyne frequency-translators by using the proper driving 
sawtooth signals obtained from commercial function generators. Optical 
frequency translation was demonstrated over the range from 300 kHz to 7 
MHz.
228
The serrodyne results indicated that the perform ance of the 
T i:L iN bC >3 serrodyne frequency-translators was limited by the finite fall-time
of the commercial function generators. Overall sideband suppressions of up
to a value of 33 dB have been measured. Also it was found that the serrodyne
process is very sensitive to small voltage changes. It was concluded from the 
study that the serrodyne voltage has to be stable to within 0.5% of the V2 n
value. The other factor that limited the performance of some of the Ti:LiNb03 
devices was the weakly confined waveguide modes of a number of devices. 
With these devices, the measured amplitude modulation levels were generally 
high, i.e. between 1% and 55%. By applying a dc bias voltage to such devices, 
the measured level of amplitude m odulation varied appropriately, again 
indicating the weakly confined nature of the optical waveguides under test.
For the first tim e, electro -op tical w aveguide phase-m odulators 
operated  as serrodyne frequency-transla to rs  w ere dem onstrated  with 
proton-exchange (PE) waveguides. However, it was found that not all the 
fabricated PE phase-modulators worked. This was attributed to the reduction 
in the electro-optic activity in some of the devices. The key to realising 
operational devices appears to be to fabricate them at a low exchange 
temperature i.e. exchange temperatures of 162°C with exchange times of 25, 
30, 35, and 40 minutes. However with the PE devices that operated efficiently 
as serrodyne m odulators, the in tensities of the guided modes were 
dramatically reduced by the application of dc bias voltages (as low as +5 
volts). As serrodyne frequency-translators, these phase-m odulators were 
found to operate more efficiently than the Ti:LiNbC>3 devices, i.e. they 
required lower V2n  voltages. The required voltages for 2 n  phase change
were reduced by approximately 30%. This implies a better electrical/optical 
overlap between the guided modes and the electric fields (around 0.5 for PE 
devices compared to 0.3 for titanium-indiffused devices). The rest of the
2 2 9
performance of the PE serrodyne frequency-translators was comparable to 
that of Ti:LiNb03 devices.
APPEN DIX 6.1 
TEST EQUIPM ENT
£D_____L ase r
(a )  Spectra Physics Model 120 HeNe Laser Lasing at 633 nm.
(IP  Signal Generators
(a )  Tektronix FG 504 40 MHz Function Generator.
(b )  Tektronix Type 191 Constant Amplitude Signal Generator.
(c )  HP 1900A Pulse Generator.
(d ) Wavetek Sweep Oscillator (0-1400 MHz)
(III) RF Amplifiers
(a )  EIN Model 601L RF Power Amplifier 1.2 Watts Linear (37 
dB/0.8-1000 MHz).
(b )  HP 230 Power Amplifier (10-500 MHz).
(IV) Photodiode Detectors
(a )  AEG BPW 28 Silicon Avalanche Photodiode:-
Gain-B and width Product Of > 200 GHz 
Quantum Efficiency Of 75% At X Q =  633 nm
Diameter Of Photosensitive Area Is 0.2 mm
(b )  HP 4207 PIN Silicon Photodiode:- 
Quantum Efficiency Of 78% At XQ= 633 nm
Diameter Of Photosensitive Area Is 1.0 mm
(c )  HP5082-4205 PIN Silicon Photodiode:- 
Responsivity of 0.35A/W At XQ= 633 nm.
Diameter Of Photosensitive Area Is 0.6 mm 
Speed Of Response Is < 1 nanosecond 
Mounted On A Conhex Connector
2 3 1
(V) Display Instrum ents
(a )  HP Spectrum Analyzer (0-110 MHz) With RF Section (HP 
8553B), IF Section (HP 8552B), And Display Section (HP 
MOT).
(b )  HP Spectrum Analyzer (0-1250MHz) With RF Section (HP 
8554L), IF Section (HP 8552A), And Display Section (HP 
141T).
( c )  Tektronix Oscilloscope 475 A.
(d )  Tektronix Oscilloscope 7904 (Maximum Frequency: 1 GHz).
(VI) P re a m p lif ie r
(a )  HP10855A Pream plifier:-
Frequency Range: 2 MHz - 1300 MHz
3 dB Bandwidth: 1MHz - 1400 MHz
G ain: 24 dB
Noise Figure: < 8.5 dB
(V II )__ R e c o rd e r
(a )  JJ Instruments Chart Recorder CR 500.
(b )  HP Plotter 7044A X-Y Recorder.
(V III)  D C  Stabilised Power S u d p I v
Advance Electronics - Dual DC Stabilised Power Supply PP11A.
(IX) Optical Power Meter
(a )  Photodyne 44XL Optical Power Meter With Large Area 
Photodiode Head For X0= 633 nm.
(X) Mode Profiling Equipment
(a )  Hamamatsu Camera System With C1000 Camera Controller.
A PPEN D IX  6.2  
THEORETICAL CALCULATION OF VALUES
2 3 2
A6.2.1 Background Theory
The total phase modulation <J> derived from a phase modulator driven 
with a voltage V is given by the relationship:
<j> = k*V (A6.2.1.1)
where k is known as the modulator constant in radians/volt.
The following relationship for the 1st order of the Bessel functions of 
the first kind is true for small values of x:
J ! (x) = A*x (A6.2.1.2)
and therefore,
J 1(k*V) s  A*k*V (A6.2.1.3)
By plotting Ji(x ) against x, the value of A can be deduced from the 
slope of the line. Similarly by plotting 10*log[Jj 2(k*V)] versus 10*log[V2], 
the value of k can be obtained since A is known from Equation A6.2.1.2.
A6.2.2 Example of a Calculation to Obtain the Value of k
The first step as described in Section A6.2.1 is to plot Ji(x ) against x, 
where x is small. The values of J j (x) were obtained from a standard table of 
Bessel functions of the first kind [6.33]. Figure 6.42 shows such a plot. 
Therefore the value A was found to be 0.46.
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As an example, the results from a sinusoidally (1 MHz) driven PE X-
cut LiNbOg phase modulator fabricated at 162°C with an exchange time of 25
minutes, tabulated in Table 6.35, were used to derive the value of k. A plot of 
1 0 * lo g [J i2(k*V)] versus 10*log[V2] was carried out (Figure 6.43). From this
plot, the intercept was found to be:
10*log(A2*k2) = -16.5 dB (A6.2.2.1)
Therefore the experimentally derived value of k is 0.33.
From the table of Bessel functions of the first kind [6.33], the 0th
order goes to zero at a value of 2.4048. Substituting the values of <j>= 2.4048 and 
k= 0.33 into Equation A6.2.1.1, therefore the calculated value of V2n  was 7.3
volts. The experimentally obtained value of was 6.5 volts. The above
procedures were used in all the remaining calculations of V2* for the PE
phase modulators under sinusoidal evaluations as shown in Tables 6.25a and
6.25b.
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS
7.1 In tro d u c tio n
The work reported in this thesis encompasses the study and the use of 
the serrodyne (sawtooth) phase modulation technique for optical frequency
translation. This was accomplished by the use of optical phase modulators 
driven  by com m ercially  availab le function generators. The phase 
modulators were realised by titanium indiffusion and for the first time by
proton exchange in LiNbC^. A number of problems were identified with
optical waveguides and devices realised by using concentrated benzoic acid
as the protonic source. The solution to many of the problems was to fabricate
optical waveguides and devices by using diluted molten benzoic acid m e lts
(with lithium benzoate).
Chapter 1 described the progress of active lithium  niobate devices
and their use in fibre and integrated optical sensor systems. A summary o f
frequency translation methods using microwave, bulk optics, fibre and
integrated optical components was presented in Chapter 2. The serrodyne
phase modulation method for frequency translation was dem onstrated for
the first time using integrated optical phase modulators. The analysis of
various non-ideal situations using sawtooth modulation signals and phase
modulators was described in Chapter 3.
In order to realise phase modulators successfully in LiNbC^, the
com plete w avegu id e /d ev ice  fab ric a tio n  p ro ced u res  using  titan ium  
indiffusion and proton exchange techniques were described in Chapter 4.
Chapter 5 outlined the theoretical treatment of slab and stripe optical 
waveguides with particular emphasis given to both slab and stripe step index
w aveguides.
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Chapter 6 described in detail the complete design procedure of an 
optical phase modulator in LiNbC^. In addition the experimental procedures
and the evaluation setup used for the testing of the serrodyne phase 
modulators were discussed. The experimental results of the serrodyne phase 
modulators were presented as a function of the non-ideal waveform and 
device conditions.
The thesis ends with the conclusions summarised in this chapter. 
Proposals for future work in this area are made: in particular, suggestions on 
improvements to the fabrication of high performance serrodyne frequency- 
translators, improvements to the evaluation techniques for the serrodyne 
devices and on a possible implementation of an optical frequency-translator.
7.2 The Use of Integrated Optics Technology for Fibre-Optic
Communication and Fibre-Optic Sensor Systems
The m ain th rust in the advancem ent o f in tegrated  optical
components over the last few years has been from the designers of single 
mode optical communication systems. This push has led to some spectacular
state-of-the art components both in LiNbOg and III-V material systems.
However due to the relative simplicity and ease in the realisation of devices 
in L iN b03 compared with those fabricated using III-V sem iconductor
materials, it was decided that all the devices reported in this thesis would be 
of the former material. This point has been explored in Chapter 1.
The first optical waveguides in LiNb03 were realised by outdiffusion 
of lithium in the form of Li20 . However the most commonly and successfully 
used method of waveguide realisation has been titanium-indiffusion. The 
progress of active optical devices fabricated by titanium indiffusion in
LiNbC>3 was also described in Chapter 1.
Recently other areas of application for integrated optical devices 
have been identified. The need for such components in single mode fibre-
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optic sensors became apparent. In signal processing schemes where 
heterodyne detection is adopted, the component that is at the heart of this 
technique is the optical frequency-translator.
7.3 Optical Freauencv-Translators and Their Potential Use in
Fibre-Optic Sensors
A comprehensive review of frequency translation techniques using 
microwave and optical methods was given in Chapter 2. A large number of 
research groups have demonstrated optical frequency-translators in LiNb0 3 .
The translators demonstrated were classed into two main types; those using 
acousto-optic interactions and others using electro-optic effects.
The review concluded that translators using the electro-optic effect 
are the preferred and better choice. The main reason is that the device 
configurations are more readily compatible with the rest of the integrated
optical circuit. Of all the proposed and dem onstrated electro-optic 
frequency-translators, the two kinds that are most useful are those using the
quadrature and the serrodyne methods.
Optical frequency-translators realised by the former method are in 
general more complex, i.e. requiring a number of basic integrated optical 
devices (phase modulators and Y-junction splitters and combiners) to form 
the device configuration. In addition these devices generally require 
com plex phase adjustm ents to ensure reasonable perform ance. These 
components are however useful for heterodyne detection schemes for optical
communication systems since they have the inherent capability of optical 
frequency shifting from a few Herz to the GigaHerz region. The serrodyne 
frequency-translator is simple and can be readily implemented using an 
optical phase modulator. It can be operated from a few Hz to tens of MHz but 
its performance is limited by the drive electronics.
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7.4 The Serrodvne Method of Frequency Translation
The serrodyne method was originally used for frequency translation 
in microwave systems. This technique has been used for the first time for 
achieving optical frequency translation  using integrated optical phase 
modulators in the work described in this thesis. The method involves driving 
an optical phase modulator with a sawtooth signal. If a perfect phase 
modulator is driven with a perfect sawtooth with zero fall-time or flyback 
time, then ideal frequency translation is accomplished. Chapter 3 analysed 
the effects of the use of non-ideal phase modulators and non-ideal sawtooth 
waveforms. A number of non-ideal sawtooth waveform conditions were 
iden tified . These included non-zero  flyback /fa ll-tim e, non-optim um  
sawtooth amplitude, non-linear sawtooth phase variation, and non-optimum 
operation over a band/range of frequencies using a constant sawtooth 
amplitude. For the phase modulator the presence of amplitude modulation is 
an .important factor in determining the frequency translation performance 
of the device. Theoretical plots of various sideband suppressions for all the 
above non-ideal situations were presented in Chapter 3.
The serrodyne optical frequency-translator is a simple and efficient 
device. It can be integrated easily into any optical sensor signal processing 
circuit. However, the requirement of a high quality sawtooth waveform for 
the frequency translation process is the major disadvantage. This implies 
that in general the frequency translation range is from a few Herz to tens of 
MegaHerz, i.e. limited by the drive electronics.
The serrodyne frequency-translator has been proposed and used in a 
number of fibre-optic sensor systems. Three examples of their use in 
integrated optics based fibre-optic sensor systems were presented at the end 
of Chapter 3. This included the use of the device in an integrated 
optical/fibre laser doppler velocimeter, in the fibre-optic hydrophone and
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more recently in the fibre-optic gyroscope. The last application is 
considered to be one of the most im portant because a number of
establishments (both manufacturers and users) are considering the use of
heterodyne system s in processing  ro tation  rates. The com mercial 
significance in this case is great. Potentially the fibre-optic gyroscope can
replace most mechanical and all ring laser gyroscopes. Hence this may be 
the second most important application of integrated optical devices with the 
optical communication area possibly remaining as the major application.
7.5 Optical Waveguide Fabrication Techniques
In order to realise high performance integrated optical devices with 
repeatable characteristics it is of utmost importance to have close control 
over the fabrication procedures of the devices. Chapter 4 discussed the 
complete fabrication procedures for phase modulators in LiNb03 by titanium
indiffusion and a relatively new process known as proton exchange (PE).
The com plete procedures that were used for fabricating the 
in tegrated  optical phase m odulators included mask m aking, substrate 
preparation (an important foundation stage), waveguide pattern formation, 
w aveguide realisation by titanium  indiffusion or proton exchange, end
polishing and finally mounting the devices for testing.
Substrate preparation was found to be one of the most important and 
critical process steps. The degreasing of the LiNbC>3 surfaces was found to be
im portant in the eventual success of the optical waveguide pattern 
definations. A number of organic solvents in conjunction with ultrasonic
cleaning were used in all stages of cleaning.
The titanium films were deposited by the electron beam evaporation 
method. The thicknesses of deposited films were monitored using a crystal 
thickness monitor setup. The accuracy of this system was ± 20 A.
242
T he p h o to l i thog raph ic  p rocess  was ex ten s iv e ly  used  in this project. 
P o s i t iv e  p h o to re s is t  was used  th ro u g h o u t  th is  p ro cess  s tage. U sing  the
appropria te  m ask patterns and UV exposures, device patterns were defined.
T he diffusion conditions for the fabrication  o f  Ti:LiNbC>3 waveguides
w ere  a d iffus ion  tem p era tu re  o f  1000°C  and a c losed  alum ina tube with
c o n g ru e n t  L iN bO g flakes for outdiffusion suppression, in the case o f  devices
u s in g  Y -cu t  c ry s ta ls .  In the  case  o f  Z -c u t  d ev ice s ,  the ou td iffu s io n  
suppression  recipe was to flow wet oxygen  th rough  the d iffusion  tube with
c o n g ru e n t  L iN b 0 3  flakes p laced in the alum ina diffusion boats. Experiments
indicated that it is essential to diffuse the titanium  only on the -Z face o f  the 
crystal. W hen this was not adhered to portions o f  the titanium pattern were
lost in a num ber o f diffusions.
A review  o f  the proton exchange m ethod for w aveguide formation in
L i N b C > 3  was presented. The review  included discussions o f  what is proton
exchange, possible  m echanism s o f the process, a list o f  realised passive and 
active devices and, most important o f  all, the problem s observed in this work
and by o th e r  researchers  using  co n cen tra ted  m elts .  T he p ro ton ic  source 
used in all the PE experiments was molten benzoic acid. The reasons for its 
use are that it melts at a fairly low temperature and that it is not toxic.
T he apparatus used for the fabrication o f  PE w aveguides in LiNbC>3
was a high temperature oil bath. At the start o f  this work, it seemed to be the 
bes t  choice . H ow ever, the use o f  a l te rna tive  eq u ip m en t such as vertical
f u r n a c e s  and  f lu id iz e d  a lu m in a  b a th s  a re  d e f in i t e l y  w o r th  som e 
co n s id era t io n  since  at high fabrica tion  tem p era tu res  (= 2 4 5 °C) the oil can 
react w ith the benzoic acid (from stain less steel con ta iners)  and eventually  
the oil can lose its viscosity. Also long term exposure o f  the oil with the 
a tm osphere could cause degradation in the viscosity .
A nother  im portant param eter that has to be m onitored  with extreme 
care in the PE process is the temperature o f  the molten protonic source. It is
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also very  cr itica l to take into considera t ion  the w arm up time i.e. the time 
n eeded  by the pro ton ic  bath to reco v er  its o rig ina l  s tab i l ised  tem perature
afte r  the substra tes  w ith  the ho lders  are im m ersed  in the bath. This is 
especia lly  critical in the realisa tion o f single  m ode stripe optical waveguides 
by using concentra ted  benzoic  acid melts.
T he use o f  d ilu ted  m olten  benzoic  acid (with  lith ium  benzoate) was
also  em p lo y ed  to fab rica te  o p tica l  dev ices .  T he  resu lts  o f  the optical 
ev a lu a t io n s  o f  PE w aveguides  fo rm ed  by co n cen tra ted  and d ilu ted  benzoic 
acid melts  were reported in Chapter 5.
In  o rd e r  to eva lua te  and ev en tu a l ly  use the phase  m odula to rs  the
ends o f  the devices were polished. A polish ing  technique was developed and
the  c r i te r ion  fo r  successfu l po lish in g  was to ensu re  ch ip -f ree  top surface 
and end-face under a m agnification  o f  400 times.
F ina l ly  the phase  m odu la to rs  were rea lised  by pho to l i thograph ica l ly  
p a t te rn in g  the a lum in ium  e lec trodes .  T he  d ev ice s  w ere then  ready for
op tical  and e lec trica l  eva lua tion .
7.6 Optical W aveguide A nalv r - and E valua tion
T he theoretical analysis o f  slab and stripe optical waveguides formed 
by p ro ton  exchange  (PE) in L iN b 0 3  has been presented  in Chapter 5. In
addition the experimental evaluations o f  slab optical w aveguides formed in X- 
and  Z -c u t  L iN b 0 3  by co n cen tra ted  and d i lu ted  (w ith  l i th ium  benzoate)
benzoic acid melts were also presented in the same chapter.
The theore tica l  analysis  o f  slab and s tripe op tical  w aveguides  with 
s tep-like refractive index profiles was dealt with exclusively . The reason is 
that all slab w aveguides  form ed by d ilu ted  and concen tra ted  benzoic acid 
melts  were found experim entally  to have s tep-like  re frac tive  index profiles. 
Tw o m ethods  were used to analyse the fabricated  slab optical waveguides. 
The first was the treatment o f  norm alised  w aveguide dispersion equations for
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step-index structures, as described by K ogelnik  and Ram asw am y. The second 
tech n iq u e  was the IW KB m ethod  o f  d e te rm in in g  the w avegu ide  refrac tive  
index p rofiles .  In both  cases, the m ain  inputs  to the com pu te r  programs
w ere the m easured  m ode angles o f  the w aveguides  under  evaluations. The
ab o v e  tw o m e th o d s  w ere  fo u n d  to be su i tab le  fo r  an a ly s in g  the PE
w a v e g u i d e s .
T he next step was to determ ine theoretically  the dispersion curves o f 
PE  stripe optical waveguides for various waveguide widths-in  particular 4 pm  
and 5 p m .  F o r  th is  ana lys is  the  tw o  tech n iq u es  u sed  w ere M arcati l i 's
analytica l so lu tion  m ethod  and the Effective  Index m ethod  first described by
Knox and Toulious. A num ber o f  general assum ptions were m ade when using 
the above two methods. They were:-
( 1 )  T h e  o p t ic a l  w a v e g u id e s  fo rm e d  h av e  s te p - l ik e  r e f ra c t iv e  index
p ro f i le s ,  and
( 2 )  The An o f  the fabricated stripe waveguides were assumed to have the
values  0 .10 and 0.12. These  values  o f  A n w ere  ob ta ined  from the slab 
w av eg u id e  stud ies .
T he  results  o f  the theoretical analysis for stripe w avegu ides  were presented 
in C hapter 6 .
T w o optical w avegu ide  eva lua tion  m ethods  were used  to study the
p ropert ies  o f  the w aveguides  formed by t i tanium  ind iffusion  and PE. The 
p r ism  c o u p l in g  te c h n iq u e  was u sed  e x te n s iv e ly  to e v a lu a te  the slab
w aveguides formed. The measured mode angles were then used as the input
for the above described slab w aveguide analysis program s. The final results 
o b ta ined  from the ca lcu la tions  were the ca lcu la ted  surface  refrac tive  index 
values and the waveguide depths for the evaluated  slab waveguides.
The end-fire  coupling m ethod was used in the study o f  the optical
p ro p e r t ie s  and to ass is t  in the ev a lu a t io n  o f  the ser ro d y n e  m odu la t ion  
p ro p e r t ie s  o f  the s tr ipe  w avegu ides  and the fab r ica ted  phase -m o d u la to rs
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respectively . T hese results were reported  in C hap ter  6 . U nfortunately , this 
m ethod  o f  w avegu ide  eva lua tion  does no t genera te  effec tive  re frac tive  index 
values;  it does h o w ev er  p rov ide  a co n v en ien t  m eans  o f  s tr ipe  w aveguide 
m ode excitation. Hence this m ethod is extrem ely useful to verify the number 
o f  quasi-TE or quasi-TM  modes supported by a stripe waveguide with a known 
w av eg u id e  w idth .
A m inim um  am ount o f  study on T i:L iN b 0 3  slab and stripe waveguides 
w as  n e e d e d  s in ce  a n u m b e r  o f  p re v io u s  r e s e a r c h e r s  ( in  p a r t ic u la r  
M cL ach lan  and B jortorp) in the departm en t had  p e r fo rm ed  excellen t related 
w av eg u id e  s tud ies .  H o w ev er  in o rd e r  to ensu re  th a t  th e ir  resu lts  were 
ap p l icab le  to th is  w ork, con tro l  s lab  w av eg u id es  w ere  a lw ays  fabricated
sim ultaneously  with the stripe w aveguides which were used  for the eventual 
rea l isa t ion  o f  phase  m odulators .  T he slab w avegu ides  w ere m easured  and 
com pared  with results ob ta ined  by the prev ious researchers .  The w idths o f  
the stripe waveguides used in this study were 4  p m  and 5 pm . The titanium- 
in d if fu sed  w av eg u id es  w ere  rea l ised  m ostly  in Y -cu t L iN b 0 3  with a few 
realised in Z-cut LiNbC^.
A m o re  d e ta i l e d  o p t ic a l  w a v e g u id e  c h a r a c te r i z a t io n  o f  s lab  
w aveguides formed by PE in X- and Z-cut L iN b 0 3  was carried out because of
the re la t ive  novelty  o f  this w avegu ide  techno logy . The slab w aveguides 
fo rm ed  by concen tra ted  benzo ic  acid m elts  w ere  eva lua ted  for two laser
w av e len g th s  i.e. 633 nm and 1150 nm. T he  resu lts  from these  studies 
ind icated  that the An values were 0.12 and 0.09 respectively . The initial 
in terest for the waveguide study at the longer laser wavelength  was to study
the d ispers ion  p roperties  o f  the PE w aveguides . It is poss ib le  to realise 
second harm onic  generators  using this d ispers ion  p roperty  for the required 
ph ase  m a tch in g  cond ition .
O ther param eters  m easured  were in term odal sca tte ring  levels, ou t-o f­
plane sca tte ring  losses and in-plane sca tte ring  levels. T hese  m easurem ents
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w ere sy s tem atica l ly  o b ta in ed  for slab  w av eg u id es  rea l ised  by concentra ted  
and diluted benzoic acid melts. T he main  conclusions were that the optical 
p e r fo rm an c e  o f  w av eg u id es  re a l ise d  by d i lu te d  b en zo ic  ac id  m elts  was 
su per io r  in all o f  the above three  p ropert ies .  T he m easu red  propagation 
losses o f  w aveguides fabricated  by dilute melts  were 1 to 3 dB low er than 
those fabricated  by concentra ted  melts. In-plane sca tte ring  results of DMPE 
waveguides indicated that there was a 10 dB to 20 dB improvement over those 
r e a l i se d  by c o n c e n t ra te d  m e l ts  fo r  a s c a t te r in g  an g le  o f  0.5° in the 
w avegu ides .  T he  in term odal  sca tte r ing  levels  o f  D M PE  w aveguides  were 
about 10-18 dB low er than those m easured for concentrated  PE waveguides.
As m en tio n ed  ea r l ie r  a n u m b er  o f  p ro b lem s  w ere  id en tif ied  with 
optical waveguides formed by concentrated  benzoic acid melts. This included 
e f f e c t iv e  r e f r a c t iv e  in d ex  v a r ia t io n s  w ith  t im e  (a f te r  f a b r ic a t io n ) ,  dc 
ex tin c t io n  effec ts  in ac tive  dev ices ,  reduced  e lec tro -o p tic  ac tiv ity ,  reduced 
a c o u s to -o p tic  in te rac t io n  e f f ic ien cy  and fa ir ly  h igh  w av eg u id e  p ropagation  
losses (a few dB/cm).
A possible solution to the above m entioned problem s is to use diluted 
m olten  benzoic acid melts, using lithium benzoate  as the d ilutant (0.5% and 
1%). The results o f  m easured  w aveguides and devices  (using M ach-Zehnder 
in terfe rom eters)  confirm ed that s table and low -loss w avegu ides  can be made 
by this method. In addition the waveguides were found to have low in-plane 
sca tte r  levels and a high optical dam age threshold. The optical qualities of 
th ese  w avegu ides  are o f  h ig h e r  qua li ty  than  th o se  rea l ised  by titan ium
i n d i f f u s i o n .
In addition the m easurem ent o f  the vo ltage  required to cause a rc
phase  change in a M ach-Z ehnder  in te rfe rom ete r  sugges ted  that the e lec tro ­
op tic  ac tiv i ty  was p rese rv ed .  T hese  re su lts  w ere  co m p arab le  to those
obtained by evaluating devices formed by titanium  indiffusion. These results 
were presented at the end o f  Chapter 5.
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T he slab w avegu ide  stud ies  also generated  the d iffus ion  coefficients  
o f  the pro ton  exchange process  at various exchange tem peratures.  A better
con tro l  o v e r  the t im e o f  exchange  was ach ieved  by fab r ica t in g  the slab
w aveguides  using  dilu ted  benzoic  acid m elts  s ince the d iffus ion  coefficients 
w ere sm aller (3 to 10 times) com pared to those  fabricated  using concentrated 
ben zo ic  acid m elts ,  at the sam e m elt  tem p era tu res .  T he  An o f  all the
w aveguides  was found to be 0.12 at 633 nm, i.e. the An values were not 
dependent on the concentration  o f  the benzoic acid melts  used in all the PE 
e x p e r i m e n t s .
7.7 O p t ica l  S e rro d y n e  F re q u e n c v -T ra n s la to rs
T h e  h e a r t  o f  the  se r ro d y n e  f r e q u e n c y - t r a n s la to r  w ork  was the 
successfu l rea lisa tion o f  optical phase m odulators .  T herefo re  the design for
an in tegra ted  optical phase  m o du la to r  was ou tlined  in C hap ter  6 . In the 
des ign  m odel,  only lum ped e lec trodes  were considered  since the bandw idth  
req u ired  fo r  the serrodyne  f req u en cy - tran s la to rs  was to be around a few 
hu ndred  M egaH erz . The vo ltages  requ ired  for a 2n phase change for a 
num ber o f  e lectrode gaps were calculated. These  results were then used for
the design  o f  the electrode pattern  for the phase  m odulator.  The designed 
phase  m odulator has a calculated 3 dB bandw idth  o f  2.7 GHz and a V 27l/A f
value o f  4  volts/G Hz for a 0.35 overlap factor betw een  electrical and optical 
f i e ld s .
T h e  e x p e r im e n ta l  a r ra n g e m e n t  th a t  w as  u se d  to  e v a lu a te  the 
s e r r o d y n e  o p t i c a l  f r e q u e n c y - t r a n s l a t o r s  w as  a b u lk  M a c h -Z e h n d e r  
in terfe rom eter (MZI) with an acousto-optic Bragg cell in the path o f  one of 
the arms. The phase modulator was placed in the other arm of the MZI. The 
p u rp o se  o f  the B ragg  cell was to sh ift  the sp ec tru m  from  dc to an 
in te rm ed ia te  frequency  where the observa tion  o f  the  pos i t ive  and negative
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s id e b a n d s  due  to th e  s e r ro d y n e  m o d u la t io n  p ro c e s s  co u ld  be stud ied
c o n v e n i e n t l y .
A large num ber o f  phase m odulators  in LiNbC>3  realised by titanium
ind iffusion  and pro ton  exchange were eva lua ted  optically . The results were
com pared  to the theoretical plots (num ber o f  w aveguide m odes supported  in 
re la t ion  to the w idth  o f  the w avegu ides) o f  M cL ach lan  and B jortorp  (for
titan ium  indiffused  stripe waveguides) and the plo ts  ob ta ined  from Marcatili
and the E ffective  Index waveguide ana lysis  (for PE  stripe waveguides). It
was found that the num ber o f  m odes supported  by t i tanium  indiffused stripe
w avegu ides  was in good agreem ent w ith  that p red ic ted  by M cL ach lan  and
B jo r to rp .  H o w e v e r  fo r  PE  s t r ip e  w a v e g u id e s ,  th e  re su lts  w ere  in
disagreem ent,  with the w orst  cases pred ic ted  by the E ffec tive  Index method
fo r  stripe waveguide analysis . One possib le  reason  fo r  this d iscrepancy  is 
tha t  the dep th  o f  the s tripe w aveguide p red ic ted  from the slab w aveguide 
results may not be applicable. Here the use o f  a metallic aluminium diffusion 
m ask  fo r  fab rica t ing  the s tr ipe  w avegu ides  m ay be the problem . Other
re s e a rc h e r s  h av e  re p o r ted  on  th is  type  o f  p ro b le m  in io n -ex c h an g ed  
w a v e g u id e s  and  th e i r  e f fec ts  on  the  d e p th  o f  the  fa b r ic a te d  s tr ipe
w a v e g u i d e s .
A f te r  th e  o p t ic a l  p r o p e r t ie s  o f  the  d e v ic e  w a v e g u id e s  w ere  
e s tab lished ,  the next step was to eva lua te  the f requency  response o f  the
assem bled devices. The 3 dB electrical bandwidths o f  the titanium-indiffused 
and  p ro to n -e x ch an g e d  L iN b 0 3  phase m odulators were measured to be in the
range from 0.8 GHz to 1.1 GHz. The bandw id th  requirem ents  in all the
re p o r te d  se r ro d y n e  e x p e r im en ts  w ere  w ell  w i th in  th is  range .  Hence 
bandw id th  l im ita tion  was not a l im iting  fac to r in the perfo rm ance  o f  the
serrodyne  devices  tested.
The perform ances o f  both the T i :L iN b 0 3  and PE L iN b 0 3  serrodyne
dev ices  were lim ited by the. fa ll-tim e o f  the saw too th  w aveform s generated
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from  com m ercia l  func tion  generato rs .  This  l im ited  the overall  suppression 
o f  spurious s idebands to 33 dB when com pared to the translated  signal. In 
order to overcom e this limitation, it would be desirable to design a sawtooth
generator with fall-times as fast as 1 ns for an operating frequency o f 1 MHz.
This would imply an overall spurious sideband suppression o f  60 dB. For the 
serrodyne frequency-trans la to rs  to be usefu l for exam ple  in a phase nulling 
f ib re -o p t ic  g y ro sc o p e ,  an o v era l l  su p p re ss io n  o f  b e t te r  than  50 dB is 
e s s e n t i a l .
A n o th e r  se r io u s  l im ita t io n  in the  p e r fo rm an c e  o f  the T i :L iN b 0 3  
ser ro d y n e  f requency-trans la to rs  was the w eakly  gu ided  w avegu ide  m odes of
a num ber o f  serrodyne devices. W ith these devices, the m easured amplitude 
m odulation  levels were generally high, i.e. betw een 1% to 55%.. This limited 
the suppression o f  image and other spurious sidebands to 40 dB and to 5 dB 
respectively . By applying a dc bias voltage to such devices, the measured 
level o f  am plitude m odula tion  varied  appropriately .  In the case where the
ap p lied  b ias dc vo ltage  increases  the e f fec tiv e  re frac t iv e  ind ices  o f  the 
op tica l  w avegu ides ,  the m easu red  level o f  am pli tude  m odu la t ion  decreased 
from 14% to 9%. However, if  the applied bias was reversed, i.e. reducing the 
e f fec t iv e  re frac t ive  index even  fu r ther,  the m easu red  levels  o f  am plitude 
m o d u la t io n  w ere  d ra m a tic a l ly  in c reased  from  14% to the to ta l  c u t -o f f  
co nd it ion ,  w ith an ex t inc t ion  ra tio  o f  19 dB. F o rtuna te ly ,  this problem  
see m e d  to o cc u r  for  o p tica l  w a v eg u id es  re a l i se d  w ith  in i t ia l  t i tan ium  
thicknesses o f  below 272 A.
S e r ro d y n e  f r e q u e n c y - t r a n s la to r s  w ere  d e m o n s t r a te d  w ith  p ro to n  
exchange  (PE) w aveguides  for the first time. U nfortunate ly , it was found 
that not all the fabricated  PE phase  m odu la to rs  worked. This could be 
a ttributed to the possib le  reduction in the elec tro-optic  activ ity  in some of 
the devices that were fabricated. It was found that the ^ 3  e le c t ro -o p t ic
coeffic ien t for PE devices fabricated at 181°C was five times lower than the
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bulk value (30.8 pm/V). The key to the successful realisation o f  operational 
se r ro d y n e  d ev ice s  appears  to be to fab r ica te  them  at a low  exchange 
tem pera tu re  (e.g. 162°C). However, even with the PE devices that did work, a 
dc ex tinc tion  phenom enon  was observed , as described  in C hap ter  6 . This 
problem  was observed with applied dc voltages as low as +5 volts. The PE
se rro d y n e  m o d u la to rs  w ere  n ev e r th e le ss  found  to o pera te  m ore  effic ien tly  
than  the Ti:LiNbC >3 devices, i.e. requiring lower V 2 n voltages. The required
voltages for 2n phase  change for PE devices were reduced by approximately 
30% w hen com pared  to ti tan ium  ind iffused  devices.  This  im plies a better  
e lec tr ica l /o p tica l  overlap  be tw een  the gu ided  m odes  and the elec tr ic  fields 
i.e. an overlap factor o f  0.5 for PE devices com pared to an overlap factor o f
0.3 for titanium indiffused devices. However, due to the fact that the depth of
the PE waveguides was typically  around 0.5 p m , the m easured  total insertion
losses for these devices were o f the order o f  17 to 31 dB.
T he  serrodyne frequency  t rans la t ion  p rocess  was found to be very
sensit ive  to vo ltage  changes. It was conc luded  from  this study that the
voltage variations should not be larger than 0.5% o f  the applied V 2 n voltage
level,  o therw ise  this will have serious consequences  in the suppression  o f 
u n w a n te d  s id eb an d s .
In  c o n c lu s io n ,  th e  s e r ro d y n e  p r in c ip l e  o f  o p t ic a l  f r e q u e n c y  
t ra n s la t io n  is ex trem ely  a t tra c t iv e  fo r  p re sen t  day  f ib re  and in tegra ted  
op tica l  he te ro d y n e  sensor  system s as long as the m axim um  frequency  of
t ran s la t io n  requ ired  is o f  the o rd e r  o f  a few  M Hz. Specia l  function
genera to rs  which are capable  o f  p roducing  very fast fa ll-tim e (< 1 ns) and 
very  stab le  vo ltage s ignals  have to be rea lised  to ob ta in  the perform ance
requ ired  for system s applica tions. Phase m odu la to rs  w ith large electrical 
bandw id ths  (up to 1 GHz) and neglig ib le  am plitude  m odu la t ion  (less than 
0 . 1 %) when driven  by function  genera to rs  with fa ll- t im es  o f  less than 1
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n a n o se c o n d  co u ld  y ie ld  h ig h  p e r fo rm an c e  se r ro d y n e  f req u en c y - tran s la t io n  
with overall sideband suppression o f better  than 60 dB.
7.8 P roposals  for Future Work
7.8.1 Im provem ents  to the F abrica tion  o f  S errodvne  Frequency
T r a n s l a t o r s
T h e  op tica l  p ro p e r t ie s  o f  se r ro d y n e  f req u en c y - tran s la to rs  fabricated  
by t i tan iu m  in d if fu s io n  in L iN bO g m ay be im proved  by the use o f X-cut
crystal instead o f  Y-cut crystal. The areas o f  im provem ent include reduction 
o f  th e  la te ra l  d i f fu s io n  o f  the  t i ta n iu m  io n s  and  m o re  re p ro d u c ib le
s u p p re s s io n  o f  o u td i f fu s io n ,  r e s u l t in g  in p h ase  m o d u la to rs  w ith  b e t te r
optical mode compatibility with optical fibres. In addition, the overlap o f  the 
op tical  fie ld  w ith  the e lec tr ica l field  in an op tical  phase  m o d u la to r  could 
p o ss ib ly  be im proved  by fab r ica t in g  a PE s tr ipe  w avegu ide  o f  narrow er
w id th  d im en s io n  w ith in  a p rev io u s ly  fab rica ted  t i tan iu m  in d iffu sed  stripe 
w aveguide (Figure 7.1). The PE w aveguide serves the purpose o f  translating
the optical mode nearer to the surface o f  the device.
V arious dielectric m ateria ls  should be investigated for possib le  use as 
m ask s  fo r  the fa b r ica t io n  o f  s tr ip e  w a v eg u id e  d ev ice s  by the p ro ton-
exchange method. It has been reported by a num ber o f  researchers that a
m e ta l l ic  m ask  m ay not be su i tab le  fo r io n -e x c h a n g e  based  w avegu ide
formation processes. The prime dielectric candidate is silicon dioxide (S iC^).  
H ow ever  a num ber o f  m ethods used for deposit ing  SiC>2 have been reported 
such  as p y ro li t ic  chem ica l  v ap o u r  d ep o s i t io n ,  p la sm a  en h an ced  chem ical 
vapour deposition and sputtering. Therefore it is crucial to identify the most 
su itable m ethod o f SiC> 2  deposition based on the density  and the porosity of
the deposited  films. A nother m ethod for fabricating  a d ielectric mask is to 
anodise an aluminium film, whereby AI2 O 3  is formed.
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7.8.2 Im provem ents To The E valuation Techniques For The
S e r r o d v n e  F r e q u e n c v - t r a n s l a to r s
T h e  b u lk  M a c h -Z e h n d e r  i n te r f e ro m e te r  (M Z I)  te s t  a r ran g e m e n t  
shown in F igure 6 . 6  o f  Chapter 6  can be im proved by the use o f  polarisation 
preserving optical fibres. The two beam splitters can be replaced by two 3 dB 
fibre  couplers. F igure 7.2 i l lus tra tes  the all fibre based  bulk  MZI. The
p ra c t ica l  w av e len g th s  o f  o p e ra t io n  fo r  s e r ro d y n e  f req u en c y - tran s la to rs  are
830 nm  and  1300 nm for ap p l ic a t io n s  l ike  the  f ib re -o p t ic  gyroscopes .  
T h e re fo re  the  im p le m e n ta t io n  o f  the above  a r ran g e m e n t  will no t be a
p ro b lem  s ince  p o la r isa t io n  p re se rv in g  f ib re s  o p e ra t in g  at the above two
w aveleng ths  are readily  available . In addition, po larisers  and analysers  are
p la c e d  b e fo re  and  a f te r  the  p h ase  m o d u la to r s  and  the  ac o u s to -o p tic  
m o d u la to r .  T h is  is n eed ed  to en su re  m a x im u m  s e r ro d y n e  freq u en cy  
transla tion  perform ance as reported  by Johnson and Cox[7.1].
A m ore robust and easy to im plem ent test a rrangem ent was reported 
by Johnson and Cox[7.1]. The experim ental s tructure used for the evaluation 
o f  serrodyne frequency translation is shown in F igure 7.3. The device was a 
T i :L iN b C > 3  MZI t w 0  independent phase modulators. Each o f  these phase
m o du la to rs  was used as a serrodyne f requency-trans la to r .  T he tw o phase 
m o d u la to rs  were driven  with saw tooth  s ignals  o f  f requenc ie s  f j  and f2  as
i l lus tra ted  where f^ >> f2 - Using this configuration it was possible to observe
both  the upper  and lower sidebands due to the frequency  translation  signal 
f 2  s ince all the sidebands were transla ted  to f j  from dc. In the reported 
e x p e r im e n t s ,  f j  was o b ta in ed  d irec t ly  from  a co m m erc ia l ly  av a ilab le  
func tion  g en e ra to r  and the o ther  trans la t ion  s ignal f 2  was generated by a 
h igh  p e r fo rm an ce  saw too th  d rive  c ircu it .  T h e  above  in teg ra ted  optical 
circuit is a superior test vehicle to the bulk MZI (used in this thesis) or the 
all f ibre-optic MZI.
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Jo h n so n  and  Cox h av e  e x p e r im e n ta l ly  v e r i f ie d  tha t  p o la r is a t io n  
e f fec ts  can  reduce  the p e r fo rm an ce  o f  the se r ro d y n e  frequency-trans la to rs .  
By equally  exciting the TE and TM  m odes o f the phase m odulator, the overall 
s ideband suppression  was degraded  by a few dB. F rom  the PE waveguide 
s tudy o f  this thesis ,  it is found that the s tripe w avegu ides  form ed were 
p o la r isa t io n  se lec t ive .  T h e re fo re ,  by in co rp o ra t in g  sec tio n s  o f  PE stripe 
w aveguides in the input and output o f  the M ZI, it is possible  to reduce any 
w a v e g u id e  d e p o l a r i s a t i o n  e f f e c t s  and  th e r e f o r e  m a x im u m  s id e b a n d  
suppress ion  can be achieved.
7.8.3 A Proposal F or An Optical F requencv-T ransla to r
In  th is  se c t io n  th e  's ta i rc a s e '  a p p ro x im a t io n  fo r  the  saw to o th  
w aveform  is proposed  for optical frequency-transla tion . The sim plest optical 
f requency-trans la to r  will be realised  again using  an optical phase m odulator 
in  L iN b 0 3  driven by a m ultiple step sawtooth function. The analysis o f  a
p hase  m o d u la to r  driven  by such a s ta ircase  w aveform  was ca rried  out in 
C hapter  3. The advantage in using such an approxim ation to the continuous 
phase  change function  is that the spurious sidebands are spaced away from 
the  sh i f te d  s ignal  by an in teg ra l  n u m b e r  o f  the  s tep s  used  in the 
approxim ation o f  the staircase. Therefore the greater the num ber o f steps in 
the  s tepped  w avefo rm , the fu r th e r  aw ay the sp u r io u s  s idebands  will be 
found. These results are clearly dem onstrated in Appendix 3.1.
It may then be possib le  to realise a d ig ita lly  driven optical phase- 
m o d u la to r ,  as show n in F igu re  7.4. T he p ro p o se d  freq u en cy - tran s la to r  
c o n s i s t s  o f  a m u l t ip le  se t  o f  e le c t ro d e s  w ith  the  p h y s ic a l  leng ths  
a p p r o p r ia te ly  d e te rm in e d  by the  n u m b e r  o f  s te p s  in the s ta i rca se  
approx im ation  o f  the continuous phase function. In this proposed  device, 
the num ber o f steps is sixteen. By applying a clock signal o f 16fm , where fm
is the frequency o f  the shift required, to the binary d iv ider units, the device
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o p era t io n  can  be im p lem en ted .  Such  a dev ice  has  been  rea l ised  in the 
m icrow ave regim e [7.2] and found to operate  w ith  a perfo rm ance  sim ilar  to 
that  o f  bo th  the m icrow ave and the optical serrodyne frequency  modulators 
dr iven  by the conven tiona l saw too th  w aveform s.
7.9 C o n c lu d in g  R em ark s
In c o n c lu s io n  the u se  o f  op tica l  p h ase  m o d u la to rs  as serrodyne 
f requency  trans la to rs  was show n to be a sim ple  and usefu l technique for 
frequency  trans la t ion  in the range from  a few  H erz to a few  M egaHerz . 
O p tica l  p h ase  m o d u la to rs  fab r ica ted  by t i ta n iu m  in d if fu s io n  and  pro ton- 
exchange were found to perform  equally  well. T he  pro ton-exchange  m ethod 
was used for the first t ime to realise electro-optic active devices. Not all the 
pro ton -exchanged  phase m odu la to rs  w orked. W ith  those  that worked, a dc 
ex tinc tion  phenom enon  was observed  and m easured. It is p red ic ted  by the 
au th o r  th a t  the  se r ro d y n e  f req u en c y  t r a n s la to r  w il l  be used  in m any 
h e te ro d y n e  fibre  senso r  sys tem s especia lly  the f ib re -op tic  gyroscope.
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